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Abstract 
 
 
This dissertation investigates human influences on climate change with an 
emphasis on biomass burning at the local and regional scales in the sudanian savanna of 
Côte d’Ivoire. Fire is an important management tool in farming and pastoral systems of 
West Africa. The climate change literature argues that biomass burning is an important 
source of greenhouse gases, chemically active gases, and aerosols. In addition, climate 
change scientists consider West African savannas as the “burn center” of the planet 
characterized by middle and late dry season intense fires that produce large amounts of 
carbon monoxide (CO) and up to 40% of gross carbon dioxide (CO2) into the atmosphere 
each year.  
The general hypothesis of this research is that the contribution of biomass burning 
to global climate change in terms of greenhouse gases, chemically active gases, and 
aerosols has been overestimated because of misconceptions about burning practices and 
diverse savanna ecology, and that the anti-burning land use policies based on the current 
scientific literature may be misconceived. I argue that biomass burning increasingly takes 
place in the early dry season. Early dry season fires are less destructive and thus favor the 
expansion of woody species. Less intense burning also produces fewer gas and aerosol 
emissions into the atmosphere while increased vegetation cover sequesters more carbon 
dioxide.  
The research takes the political ecological approach to further our understanding 
of burning regimes in the sudanian savanna of Côte d’Ivoire, to present a more accurate 
assessment of land use and land cover, and to determine the contribution of biomass 
burning in the sudanian savanna ecosystems to global climate change. Research methods 
included household surveys, participant observation, vegetation analysis, real-time gas 
measurements in experimental plots, and high spatial resolution satellite image 
interpretation.  
Biomass burning, gas measurements and vegetation analyses conducted in the 
Korhogo region in northern Côte d’Ivoire show less intense burning and much lower 
levels of carbon monoxide and carbon dioxide emissions during the early dry season as 
compared to the middle and late dry season. Emissions of CO and
 
CO2 are less than 
 iii 
believed because the timing of savanna fires and the fuel load in savanna ecosystems that 
burn are different than what is presumed. I found that farmers and herders set fire to the 
savanna much earlier in the dry season than assumed in the climate change literature.  
I conclude that the shift to early dry season fires and the diversity of savanna 
vegetation suggest that the contribution of savanna fires to global climate change appears 
to be less alarming than assumed in the literature. In addition, I found that adaptation 
strategies of West African farmers and herders to cope with socioeconomic vulnerability 
also constitute opportunities for the climate change carbon mitigation. Therefore, they 
should benefit from climate change compensation measures such as carbon credits. 
 
Key words: biomass burning, climate change, carbon monoxide (CO), carbon dioxide 
(CO2), farming and pastoral activities, fire, fire temperature, greenhouse gases, land cover 
change, savanna vegetation, political ecology, West Africa.  
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INTRODUCTION  
I.1. Background 
Biomass burning is presented as a significant driver of global climate change 
because particulate matter, greenhouse gases and chemically active gases are its direct 
combustion products. Bush fires are a source of greenhouse gases such as carbon dioxide, 
methane, and nitrous oxide. In addition, they produce chemically active gases, including 
carbon monoxide, nonmethane hydrocarbons, and nitric oxide. These chemically active 
gases in addition to methane produce tropospheric ozone and control the concentration of 
the hydroxyl radical (OH), which regulates the lifetime of almost every atmospheric gas 
(Tunved et al. 2006; Levine et al. 1999; Crutzen and Andreae 1990; Liousse et al. 2004; 
Koppmann et al. 2005; Reid et al. 2005; Longo and Freitas 2006).  
Scientists believe that biomass burning is more frequent and widespread 
worldwide with the increase of human activities over the past one hundred years (Levine 
et al. 1999; Hayhoe et al. 2002; Small et al. 2002; Ludwig et al. 2003; Wuebbles et al. 
2004; Liousse et al. 2004; IPCC 2005; Bagamsah 2005; Koppmann et al. 2005; Reid et 
al. 2005). The majority of these fires occur in tropical Africa (NASA 2005a, b). The 
United Nations Food and Agriculture Organization (FAO 2001) argues that fire in 
African savanna ecosystems accounts for about 22% of the phytomass burned globally. A 
number of studies also view the West African savanna as one of the important “burn 
centers” of the planet (Menaut 1993; Nguyen et al. 1993; Liousse et al. 2004; NASA 
2005a,b). Some argue that 45 to 240 teragrams (Tg) of carbon or vegetation are annually 
burned (Crutzen and Andreae 1990). In addition, biomass burning is assumed to take 
place during the middle and late dry season periods, which results in very intense fires 
that generate large amounts of gases and particulate matter.  
West African government authorities and non-governmental organizations 
(NGOs) believe that fire is a major cause of desertification and greenhouse gas emissions 
(GES-CI 1996; Abouho 1998; Bassett and Koli Bi 2000; Bassett et al. 2003: 54; Kéita et 
al. 2005). The Ivorian Bureau of Climate Change estimates that 4,025,000 hectares of 
Ivorian savanna burns in a typical year (GES-CI 1996: 54). The bureau notes that 
agricultural related fires generate key gases such as carbon monoxide (9,102.53 Gg), 
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methane (128.59 Gg), nitrogen oxides (17.57 Gg), and carbon dioxide. In a response to a 
particularly destructive fire in 1985 that followed the 1984 drought, the Côte d‟Ivoire 
government established the National Committee for the Protection of Forests and the 
Control of Bush Fires in 1986 to regulate bush fires (RCI 1986). Despite the 
government‟s restrictions on burning, resource users still burn. Farmers and herders burn 
large areas of savanna vegetation, especially during the early dry season (Bassett and 
Koli 1998, 2000; Bassett et al. 2003; César 1991; Laris 2000, 2005). 
Recent changes in land use and cover related to the expansion of cotton, cashew 
and mango cultivation, and livestock rising have led to changes in savanna ecology and 
in burning regimes. The most notable change is in the timing of burning. Farmers and 
herders set fires earlier in the dry season. These early burnings are less intense due to 
high moisture levels in plants and soils. Early fires are not as destructive to vegetation, 
which results in more trees in the landscape (Laris 2002, 2006; Mbow et al. 2000; Mbow 
2004; Koné et al. 2008). Less intense burning also produces less gas and aerosol 
emissions into the atmosphere. Current estimates of greenhouse gas emissions from the 
West African savannas overstate their significance due to the prevailing assumption that 
burning is late, intense, and frequent. 
This research examines the relationships between burning regimes, vegetation 
cover, and greenhouse gas emissions in the sudanian savanna region of Côte d‟Ivoire. 
The study investigates how resource users utilize fire as a tool for natural resource 
management, and how these practices modify landscapes over time. The study was 
conducted at the field experimental plot and at regional scales using fine resolution 
satellite images. Most studies on biomass burning and emissions are generally carried out 
at the continental and global levels using time series of satellite images with coarse 
spatial resolution (Kaufman et al. 1989; Liousse et al. 2004; Dolidon 2005). Studies that 
use coarse spatial resolutions of images do not detect small areas burned (Laris 2005). 
Also, these broad scale studies fail to distinguish different types of savanna ecosystems 
such as grass savanna, shrub savanna, savanna woodland, and gallery forests (Monnier 
1968; Hoffmann 1985; César 1991; Mitja 1992; Riou 1995). But parameters commonly 
used in climate change models such as area burned, combustion completeness, fuel load 
and types, and emission factors require data based on different types of savannas at local 
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and regional scales (IPCC 2003; Liousse et al. 2004). Thus, estimates at continental and 
global scales may not be accurate because they fail to differentiate savanna plant 
communities and their respective contributions to greenhouse gas and aerosol production.  
 
I.2. Research region 
The research was conducted in the sudanian savanna ecosystems of northern Côte 
d‟Ivoire in West Africa. At the West African regional level, several factors influence the 
production of fuels, biomass burning, and greenhouse gas emission.  
This section discusses first, climate mechanisms prevailing at the central West 
Africa level. Next, it describes the main phytogeographic domains of the region. The last 
sub-section presents the population and land use activities of the research zone and the 
study site. The main goal of the section is to present the reasons for choosing the 
sudanian savanna zone as research area and Katiali, as study site.   
 
I.2.1. Climate mechanisms in West Africa and in the study zone 
This section discusses climate mechanisms that regulate atmospheric circulation, 
air movements, and their zonation in West Africa. These mechanisms and variables 
(temperature, air humidity, rainfall, and wind speed) play important roles in the 
alternation of humid and dry seasons, in the production of biomass, and in floristic 
composition of savanna ecosystems. They also control the West African atmospheric 
transport of gases and particulate matter (Bruzon 1990; Brand and Durousset 1995; 
Demangeot 1995; Schlesinger 1997).  
The section describes the atmospheric circulation in West Africa and in the 
sudanian savanna zone based on a review of the literature and rainfall data analysis. 
Rainfall data recorded during the period 1976-2006 at the Ivoire Coton Company in 
Niofoin, the administrative center to which Katiali region belongs is used later to discuss 
seasonal and inter-annual trends. 
 
I.2.1.1. Atmospheric circulation mechanisms in West Africa  
The movements of two different types of air masses mainly determine the climate 
of central West Africa (Bruzon 1990; Filleron 1995; Brand and Durousset 1995; 
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Schlesinger 1997; Dibi 2004; Le Roux 2006). The first air mass is called the northern 
alize, harmattan or high pressures. This air mass comes from the north, oriented northeast 
and moving southward. Its major characteristics are that it has a continental origin and it 
is a hot and dry tropical air mass. The second air mass is the humid and hot equatorial air 
mass called the southern alize, monsoon or low pressures. This equatorial air mass has an 
oceanic origin, is oriented southwest, and travels northward.  
The northern harmattan and southern monsoon converge in the wind confluence 
zone called intertropical convergence zone (ITCZ) when ascending (Koli Bi 1996; Le 
Roux 2006). The ITCZ rises obliquely, opposing at the soil level the two well-
differentiated air masses (Fig. 1). During its seasonal movements, the ITCZ sweeps 
between 2000 and 2500 kilometers each year above West Africa (Schlesinger 1997; Le 
Roux 2006). 
The variations in amplitude of different anticyclonic cells (also governed by the 
polar dynamism) control the spatial and temporal dynamic of the atmospheric circulation. 
During winter in the northern hemisphere, the high-pressure belt develops continuously 
from the Azores to Libya at 30
0
 N and the “depressional” zone stretches along the 
Atlantic coast from Liberia to Nigeria. The ITCZ is then situated around 3
0
 N. From the 
contact with the Saharan substrata, the continental air becomes dry, hot, and carries dust. 
Thus, the major part of West Africa is under the influence of the tropical continental air 
mass and suffers from the desiccating effects of the harmattan. During summer, the 
anticyclonic activity weakens in the northern hemisphere and the anticyclone of Azores 
moves to around 40
0
 N. A strong thermal depression is installed on the Sahara between 
the center of the anticyclone of Azores and the Libyan anticyclonic cells. In the southern 
hemisphere, the anticyclone of Saint Helena reinforces itself, moving toward 15
0
 of 
southern latitude. The southern maritime alize, which gains heat and humidity when 
passing above the hot equatorial Atlantic Ocean, is aspirated by the thermal Saharan 
depression. The ITCZ reaches the tropic of Cancer and the “monsoon” sweeps West 
Africa.  
The seasonal movements of the ITCZ throughout the year characterize different 
meteorological situations that are divided into several weather zones. At the southern 
edge of the sudanian savanna zone (or the entry point of the ITZC in the Sudanian zone) 
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in Ferkessédougou, the relationship between different weather zones and the location of 
the ITCZ is shown in Fig. 1 and described below.   
 
Northern dry air mass
Southern humid air mass
ITCZ
Dry haze
A B C D E
Location of
Ferkessédougou
in
November 15
April 1
May 15
July 15
October 1
Zone of 
the ITCZ
 
 
Fig. I.1. Seasonal movements of the ITCZ and weather zones in Ferkessédougou, northern Côte 
d‟Ivoire 
 
The figure shows different weather zones and the location of the Intertropical Convergence Zone 
(ITCZ). It also presents the location of Ferkessédougou at the southern edge of the sudanian zone 
at five dates along the year. The width of weather zones is disproportionate. Adapted from Le 
Roux X. (2006) 
 
I.2.1.2. Movements of air masses and meteorological zonation  
From November to March, the major part of West Africa is under the influence of 
northern hemisphere air masses. The maritime alize on the Senegal-Mauritanian coast is 
stable and inhibits rainfall. The harmattan is very dry. Only the Ivorian coast, where the 
ITCZ is located is influenced by the southern alize flux receives a few rains. From April 
to October, the flux of monsoon progressively invades West Africa as the ITCZ moves 
up in latitude toward the north. The northern maximum position is typically reached in 
August.  
Each of the West African regions experiences a series of meteorological 
conditions during the ascending movement of the ITCZ (and its descending movement). 
These meteorological conditions are divided into the following five zones for the 
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southern edge of the sudanian zone in Ferkessédougou in northern Côte d‟Ivoire (Filleron 
1995).  
Zone A corresponds to the period before the arrival of the ITCZ. The region is 
under the influence of the harmattan. The entry date of the zone A is November 15 and 
the exit date is April 1.   
Zone B is large, about 200 km, and is immediately located under the front. The air 
is humid. Some cumuli of nice weather appear. Some times, there is some cumulo-
nimbus of convection, but rains are rare. Zone B reaches Ferkessédougou on April 1 and 
exits on May 15.  
Zone C forms the “body” of the monsoon. It is a zone of strong convergence 
characterized by storm showers accompanied with “tornados” in Côte d‟Ivoire. It is also 
characterized by contrasted times in which half-covered sky and tornados alternate. This 
zone expands from 400 to 800 km wide and lasts about two months. Zone C is 
established over the sudanian zone between May 15 and July 15.  
Zone D reaches Ferkessédougou between July 15, and October 1, and constitutes 
a zone of moderated convergence. Some thick strato-cumuli activate continuous rains of 
low intensity that end up being abundant.  
Zone E is located in the null convergence or weak divergence position. Between 
October 1 and November 15 during which it is established over the sudanian savanna 
zone, the sky is covered only by a few stratus and rains are unusual and fine. According 
to Filleron (1995), the occurrence of the arrival of zone E in Ferkessédougou is estimated 
at about one year out of four.  
In short, the sudanian savanna zone belongs to the non-arid hot region located 
between the tropics. The northern and southern tropical air masses generated and 
regulated by the Azores (30
0
 N) and the Saint Helena (30
0
 S) influence the sudanian 
savanna ecosystems. The seasonal movements of the ITCZ, which is a profound humidity 
and temperature discontinuity zone where the monsoon penetrates under the dry 
continental flow in the lower troposphere, provides the essential rains to sustain 
vegetation growth, especially for annual and perennial grasses in the region. These 
movements suggest the division of the year at Ferkessédougou (Sudanian zone) level into 
a dry season (November-April) and a humid season (May-October). Seasonal movements 
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of the ITCZ are also very important for understanding the air transport and distribution of 
pollutants from bush fires across West Africa and other regions of the globe.   
 
I.2.2. The West African phytogeographic domains 
This section analyses first the main phytogeographic domains and zones that exist 
from the Atlantic Ocean to the desert in the north of central West Africa. Next, it 
describes the study region and the research site in relations to rainfall, seasonality (humid 
versus dry season), vegetation growth, population, and land use activities. The section 
concludes with a discussion of the reasons for choosing the sudanian savanna zone as the 
research area, and Katiali as the research site. 
Three main phytogeographic domains cover the West African region from the 
Atlantic Ocean to the desert: the forest (humid), the savanna (subhumid), and the 
Sahelian (arid) domains (Monnier 1975; Bruzon 1990).  
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Fig. I.2. Different ecological domains of central West Africa 
Sources: Adopted from Université d‟Abidjan (1974) and Centre Regional Agrhymet (CRA). 
SWAC/PECD (2005)  
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I.2.2.1. Forest domain 
The forest domain is located in the south between the Atlantic Ocean and the 
savanna domain (Fig. 2). Its northern limits correspond in Côte d‟Ivoire to the “V 
Baoulé” (Université d‟Abidjan 1974; Vuattoux et al. 2006). The forest domain is 
composed of the evergreen dense forest and the dense semi-deciduous forest. The forest 
domain corresponds to the subequatorial climate composed of the littoral regime and the 
“ombrophile” (wettest) regime with a rainfall between 1,700 and 2,200 mm, and the 
“mesophile” regime with a rainfall between 1,700 and 1,300 mm. Four-season cycles 
(two rainy seasons and two dry seasons) also characterize forest domain. Rainfall is 
abundant and the dry season period is short.  
The evergreen dense forest lies in a zone that has a rainfall of at least 1,700 mm. 
This forest type encompasses tree species such as Eremospatha africana, Diospyros 
manii, Diospyros spp., and Mapania spp. The dense semi deciduous forest is located in 
the north of the 1,700 mm isohyet and is composed of Celtis spp., Triplochiton 
scleroxylon, and Kaya grandifolia (Université d‟Abidjan 1974: 67; Dobé 1993).  
The forest domain has a very complex vertical structure. The first level (0 to 25 
meters of height) is the “lower layer” and is composed of tree and shrub seedlings, 
shrubs, dry leaves, and creepers. At the soil level, there are a very few grasses, dead 
branches, and rare herbaceous stems. A second level, the canopy is composed of trees of 
25 to 35 meters and is the optimum vegetation stratum. A third level is composed of a 
discontinuous stratum in which tall trees can reach 50 meters in height (Université 
d‟Abidjan 1974: 67). 
Human occupation, especially for agriculture, clears the thick forest. Ecological 
conditions favor the development of cash crops such as rubber, palm oil, banana, 
pineapple, coffee, and cocoa. When farms are abandoned in fallow, the forest 
reconstitution begins with the constitution of a very thick thicket composed of shrubs, 
diverse herbaceous, and some big trees such as the Ceilba pentendra. Near rivers and 
along paths, the oil palm regenerates especially in the evergreen forest. Below this low 
stratum grows a new generation of tree species such as Iroko, Celtis, and Triploxylon that 
are typical of secondary forest. In addition, the rate of creepers multiplies. In the shadow 
of these strata, species of the evergreen forest sprout (Université d‟Abidjan 1974). Grass 
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and herbaceous species that compose major fuel types for bush fires are not important 
components of the forest domain.  
 
I.2.2.2. Sahelian domain 
The Sahel is the domain delineated in the south by the savanna domain and in the 
north by the desert (Fig. 2). Great inter-annual variability of rainfall characterizes the 
sahelian climate. The sahelian vegetation is composed of a more or less discontinuous 
and dense herbaceous layer in which annual species dominate. These annual species 
germinate at the beginning of the rainy season. A few perennial species such as 
Andropogon gayanus and Hyperthelia dissoluta that “migrate” in the Sahel during humid 
periods are found in some areas (César 1990a,b). The fluctuation between dry and humid 
periods does not always allow for the constitution of important stocks of dry biomass that 
is likely to burn. 
The Sahel is a very important pastoral zone. Its relatively weak agricultural 
potential is somewhat offset by the immense hydro-agricultural works in the Sénégal 
River Valley and the Niger River. This zone was hit hard by the great droughts of the 
1970s and 1980s. It is the main livestock producing area in West Africa. Since 1950s, a 
large number of herds migrated farther south where agro-pastoral systems are developing 
and livestock is being integrated into agricultural production, notably in the form of ox-
drawn plows.   
The Sahel irregularly experiences bush fires because burning is closely linked to 
the availability of biomass and thus to rainfall. César (1990a,b) argues that for a fire to 
ignite and sustain itself, the available dry fuel load must be at least 1,000 kg/ha. 
According to him, below that amount of biomass, bush fire is limited in area and 
efficiency. During dry periods, the available dry fuel load is more likely to be less than 
1,000 kg/ha while during humid periods, available fuel load increases and bush fires 
occur, burning several hectares in a few hours (César 1990a,b). Also, the grass biomass is 
largely (90%) composed of annual species that end their vegetation cycle during the rainy 
season and do not offer any chance to regrow after burning. Since pastoralists typically 
burn grass in order to provide fresh grass regrowth for their cattle, they rarely set fires in 
the Sahelian domain (César 1990a,b; Mbow 2000). The main sources of biomass burning 
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in the sahelian domain are natural (storms), accidental fires, and hunters. Biomass 
burning is not a permanent factor of the landscape (César 1990a,b).  
 
I.2.2.3. Savanna domain 
The savanna domain lies between the forest and sahelian domains (Fig. 2). The 
existence of continuous grass stratum with a coverage rate of up to 100% distinguishes 
savanna from forest. Savanna ecosystems are also mainly composed of important 
perennial grass species such as Loudetia simplex, Penissetum purpureum, Hyparrhenia 
subplumosa, and Andropogon gayanus and a ligneous layer composed of shrubs and trees 
in which important species are Daniellia oliveri, Butyrosperumu parkii, and Parkia 
biglobosa (Université d‟Abidjan 1974; Bruzon 1990; César 1990a,b, 1991; Bassett and 
Koli 2000). The density of tree cover distinguishes the Guinean, Sub-sudanian and 
Sudanian savanna zones (Fig. 3).  
Between the line Tienko-Ferkessédougou (10
0
 N in the west and 9
0
 N in the east) 
and the line Biankouma-Katiola-Bondoukou (8
0
 N), trees and shrubs are regularly 
disseminated in the landscape and the distribution of ligneous materiel is homogeneous. 
This space delineated by the two lines is the Sub-sudanian zone (Fig. 3).  
The pre-forest savanna or the Guinean zone is located between the Sub-sudanian 
savanna formations and the forest domain. It penetrates the forest at the “V Baoulé” level 
(Université d‟Abidjan 1974: 68; Vuattoux et al. 2006).  
The Sudanian savanna is located above the line Tienko-Ferkessédougou and is 
mainly composed of grasses, shrubs, and trees. As one moves further north, the landscape 
becomes more open with shrubs of 1 to 3 meters in height, thorny species, and more 
annual grasses around Ouangolodougou and Tengréla (Université d‟Abidjan 1974: 68; 
Riou 1995).   
In the savanna domain, each sub-domain is characterized by the dominance of a 
tree species. For example, the Guinean zone is characterized by Borassus flabellifer in 
the Toumodi region. The sub-sudanian zone is characterized by Lophira lanceolata in the 
Touba region and north of the Marahoué Park. The sudanian zone is characterized by 
Daniellia oliveri sometimes associated with Afzelia africana, Combretum sp., and 
Gardenia sp.  
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Savannas are plant communities composed of a mixture of grasses, shrubs, and 
trees. The different mixes differentiate savanna types and their intermediaries defined 
during the Yangambi colloquium in 1956 (Bruzon 1990; Riou 1995). The existence and 
the dominance of more or less continuous perennial and annual grasses in the herbaceous 
strata are the common characteristic of differentiation of savannas into grass savanna, 
shrub savanna, savanna woodland, or dry/open forest and gallery forest along rivers 
(Bassett 1984; Hoffmann 1985; Mitja 1992; Riou 1995; Bassett and Koli Bi 2000). The 
sudanian savanna vegetation types will be fully defined and discussed in chapter 4.  
Average annual rainfall in the savanna domain is between 1,100 and 1,500 
millimeters (IFFN 1999). During the rainy season, the vegetation reaches its optimal 
development stage and the maximum coverage rate. During the dry season, the grass 
biomass dehydrates and trees loose their leaves. This functioning of savanna is also 
related to the soil water reserve. 
Human activities such as selective wood and forest cutting, cropping systems, 
hunting, livestock grazing, biomass burning, and changing population densities 
tremendously modify the natural landscapes. Intensive agriculture results in reduced 
fallow periods and impoverished tree populations. Tree species are reduced while 
herbaceous species such as Imperata cylindrica or Pennisetum purpreum increase. Also, 
farmers select and protect (during clearing for agriculture) some valuable tree species 
such as Butyrospermum parkii, Parkia biglobosa, and the Faidherbia albida (Université 
d‟Abidjan 1974; Bassett 1984; Bruzon 1990). 
In summary, central West Africa is divided into three phytogeographic domains: 
forest, savanna and Sahel. A continuous grass biomass layer likely to burn during fire 
events is not a major component of the forest domain. The Sahel is characterized by more 
or less discontinuous annual grasses that are rarely burned. In contrast to the forest and 
Sahelian domains, the savanna is the domain that produces more continuous grass 
biomass likely to burn during the dry season. The guinean and sub-sudanian savannas are 
more humid and composed of both woody and herbaceous vegetation. Humidity, 
increased woodlands, and gallery forests along rivers favor the spreading of the tse-tse fly 
that greatly undermines livestock raising in these savanna zones. The sudanian savanna, 
the driest of the savanna zones is composed of both annual and perennial grasses. In 
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addition, the sudanian savanna zone is the leading region for cereal grains (millet, 
sorghum, rice, maize), and peanuts. Cotton is the main cash crop and livestock 
production has greatly expanded since the 1970s. It is the region in which both farmers 
and livestock raising producers use fire as a tool to manage natural resources. Therefore, 
the sudanian savanna is the most relevant zone to investigate the relationships between 
burning regimes, vegetation cover, and greenhouse gas emissions.  
 
I.2.3. Research zone and study site 
The study region and site are located in northern Côte d‟Ivoire in the sudanian 
savanna zone (Fig. 3). The following paragraphs analyze the most important climatic 
factor that influences the production of biomass load, how the fuel is produced during a 
typical year, and how anthropogenic activities affect the dynamic of the grass vegetation 
cover and influence biomass burning in the sudanian savanna zone through the discussion 
of the rainfall, the annual vegetation growth cycle, and the main land use activities.   
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Fig. I.3. Research region and study site in northern Cote d‟Ivoire 
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I.2.3.1. Rainfall in the study region 
The climate of the region is characterized by one rainy season from May to 
October and one dry season from November to April. General rainfall statistics, inter-
annual and inter-monthly variability of the rainfall, the notions of humid and dry season 
periods, and the vegetation cycle of the region are discussed below.  
Rainfall data were collected from the Ivoire Coton Company in Niofoin. These 
data cover the period 1976-2006 (Appendix A). Rainfall data collected often raise the 
problem of accuracy and validity, especially when volunteers and non-professionals 
collect them. In the case of the Ivoire Cotton Company, its extension agents are trained to 
collect the data, which is used for establishing planting periods. These data are the best 
that are available for the study area.  
Rainfall data for years 1997, 1998, and 1999, and those for the months of January, 
February, March, and April 1976 are missing. However, the data set is sufficient to 
analyze the inter-annual, the inter-monthly, and the intra-monthly variability for the 31-
year period.  
 
I.2.3.1.1. General statistics  
The annual mean rainfall for the 31-year period is estimated at 1,150.2 mm (Table 
1). The minimum annual rainfall was recorded in 1983 at 816.4 mm. The maximum 
1,563.5 mm fell in 1985. 
   
Table I.1. Monthly and annual mean precipitations over the 31 year-period (1976-2006)  
 
 Months  Jan  Feb  Mar  Apr  May Jun  Jul  Aug  Sep  Oct  Nov  Dec  Total 
 P (mm)  4.3  9 33.2 68.9 124 142 203 261 185 100 16.1 4 1,150.2 
 P (%) 0.4 0.8 2.9 6 10.8 12.4 18 22.7 16 8.7 1.4 0.3 100 
 
I.2.3.1.2. Inter-annual variability  
The inter-annual rainfall distribution over the 31-year period shows a strong 
variability between high rainfall values and low rainfall values (Fig. 4). The oscillation of 
annual rainfall around the annual mean values of 1,150.2 mm illustrates the alternation 
between short dry and humid periods.  
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The periods 1981-1982-1983-1984 (1,131.7 mm; 1,059.2 mm; 816.4 mm; and 
986.6 mm); 1987-1988-1989 (965.5 mm; 1,148.7 mm; and 982.3 mm); 1992-1993-1994-
1995 (1,102.8 mm; 996 mm; 1,126 mm; and 1,025.9 mm); and 2004-2005 (1,061 mm 
and 858 mm) have annual rainfall below the annual mean rainfall of 1,150.2 mm and are 
classified as short dry periods.  
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Fig. I.4. Annual distribution of rainfall between 1976 and 2006 in Niofoin 
 
The periods 1976-1977 (1,184.2 mm and 1,168.4 mm); 1979-1980 (1,248 mm and 
1,220.6 mm); 1985-1986 (1,563 mm and 1,173.4 mm); and 2000-2001-2002-2003 
(1,452.7 mm; 1,461.7 mm; 1,319 mm; 1,344 mm) have rainfalls above the annual mean 
and are classified as short humid periods. In general, the last ten years is a humid period.  
The significance of inter-annual variability in rainfall is twofold. First, it affects 
biomass production. During the last 31 years, the annual rainfalls were enough to sustain 
the vegetation growth, especially grass biomass loads. Second, the inter-annual 
variability affects the intensity of biomass burning. Bush fires are more likely to worsen 
during short dry periods.  
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I.2.3.1.3. Inter-monthly and intra-monthly variability of the rainfall 
Within a typical year, there are strong seasonal contrasts in rainfall. The majority 
of the rainfall (88.2%) falls during the period May to October (Fig. 5 & 6). Only 11.8% 
of the rainfall falls during the period November-April. On the basis of these data, one can 
divide the year into one humid period and one dry period. Also the rainfall is unevenly 
distributed between the 12 months of the year. The month of August receives the 
majority of rains (up to 440 mm in 1985) while December and January receive very little 
rain.  
The sudanian savanna zone is also characterized by a strong intra-monthly 
variability. Over the period 1976-2006, the total monthly rainfall varies for a given 
month. For example, during the month of March, 0.8 mm of rain was collected in 1986, 
59.8 mm in 1996, and 32 mm in 2006. Also for the month of November, 81.1 mm were 
collected in 1976 while 23.1 mm in 1986, 0 mm in 1996; and 0 mm in 2006. Intra-
monthly variability greatly influences the timing of biomass burning. Bush fires start 
early in years during which rains stop early and they begin late in years when rains stop 
late. 
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Fig. I.5. Mean rainfall of Niofoin for the period 1976-2006 
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Fig. I.6. Monthly mean rainfall variability for the period 1976-2006  
 
 
I.2.3.2. Notion of humid and dry season periods in the sudanian zone  
Monthly statistics are used to analyze different months and to distinguish dry 
months from humid ones. This information is used in next paragraphs to determine the 
dry period and humid period within a typical year. The objectives are to determine the 
months and period during which biomass burning takes place and biophysical factors that 
influence or exacerbate bush fires in the sudanian savanna zone.  
  
I.2.3.2.1. Monthly statistics  
To distinguish humid months from dry months, the method of calculation of 
“empirical indices”, is simple and efficient (Filleron 1995). The formula for the P. Birot 
index is E = P/4t (P is the monthly rainfall and t is the mean monthly temperature). 
Humid months (or rainy months) are characterized by P > 100 mm, dry months are 
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months during which P < 100 mm, very dry months are months of P < 50 mm. The 
analysis of the climate data of the period 1976-2006 gives the following results:  
  
- January: rainfall is eighteen times 0 mm and nine times below 50 mm. All the 
precipitations data collected in January are below 50 mm. January is classified as a very 
dry month during the 31-year period.  
 
- February: precipitation is fourteen times 0 mm, twelve times below 50 mm and one time 
above 50 mm (63 mm). The month of February is also classified as a very dry month 
because the precipitation is twenty six times out of twenty seven times less than 50 mm.   
 
- March: during this month, precipitation is seven times 0 mm. It is twelve times below 
50 mm, and is three times above 50 mm but below 100 mm. It is twice above 100 mm. 
Overall, February is nineteen times below 50 mm with a mean of 33.2 mm over the 31-
year period. March remains a very dry month. This month can also be classified as a dry 
month in some years, especially when rains are earlier.    
 
- April: this month experienced rains twenty seven times. However, its precipitation is 
thirteen times below 50 mm and seven times greater than 50 mm but below 100 mm. it is 
also seven times greater than 100 mm with a mean of 68.9 mm. The month of April is 
thus classified as a dry month.    
 
- May: In May, there was rain every month. The precipitation is only three times below 
50 mm. The precipitation is seven times between 50 mm and 100 mm, and eighteen times 
greater than 100 mm with a mean of 124 mm. The month of May is a humid month.  
 
- June: rainfall is reported for every month. The precipitation is 22 times above 100 mm 
and the average rainfall for the 31-year period is 142.2 mm. June is also a humid month.  
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- July: the precipitation during the month of July is twenty six times out of twenty-eight 
greater than 100 mm. The average rainfall during the 31-year period is 202.8 mm. July is 
also a humid month.   
 
- August: All the monthly rainfalls collected in August are greater than 100 mm. Also 
August is the month, which received the majority of the precipitation over the 31-year 
period. The August precipitation reached 440.1 mm in 1985 and 422.5 mm in 2003. The 
mean of the period is 260.8 mm. August is the most humid month within a given year in 
the region.  
 
- September: The precipitation is twenty five times greater than 100 and three times 
below 100 mm. The mean rainfall is 184.6 mm. September is also a humid month.  
 
- October: It rained during all the 28 years in October. However, in comparison to the 
months of August and September, the precipitation in October has a decreasing trend. 
The average of rainfall is estimated at 100.3 mm. October is still a humid month.  
 
- November: The precipitation is eight times 0 mm and eighteen times below 50 mm. It is 
twice greater than 50 mm but below 100 mm and the mean is 16.1 mm. November is thus 
a very dry month.   
 
- December: the month of December sporadically receives rain. The precipitation of this 
month is twenty two times 0 mm and six times below 50 mm and has a mean of 0.3 mm. 
December is a very dry month.  
In short, in a given year for the period 1976-2006, the months of November, 
December, January, February, and March are classified as very dry months and the 
months of May, June, July, September, and October are classified as humid months. 
The months of April and November constitute the transition periods between the 
dry and humid seasons. The month of April is the pre-humid period. It is the period 
during which the zone B of the ITCZ reaches the sudanian zone in northern Côte 
d‟Ivoire. The month of November is the post-humid period. It is the transition period 
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between the humid and dry seasons, which is abrupt and rapid (Diagana, 1995). It is the 
period of the year during which the zone E of the ITCZ establishes itself in the sudanian 
zone. Thus, rainfall divides the dry season into humid and dry season periods.  
 
I.2.3.2.2. Dry season period 
The period from November to April corresponds to the dry season. During this 
period, the sudanian savanna region in general experiences little rain. Over the period 
1976-2003, only 11.8% of the total annual rainfall fell during this period.  
The dry season reaches its maximum influence of desiccating effects during the 
months of January and February. Hot and dry harmattan winds increasingly blow during 
these months resulting in a decrease in humidity and an increase in the relative air 
temperature. In the sudanian savanna region, the mean relative air humidity is usually 
below 70% with a maximum around 80%. The minimum values are around or below 
40% (Appendix G). The relative air humidity decreases from November to April.  
The intensity and the length of the dry season constitute limiting factors of 
vegetation growth. In fact, the impact of the harmattan on the vegetation is very 
destructive because the heat and the great decrease of the humidity cause intense 
transpiration of plants and the dryness. The harmattan also reinforces severe conditions of 
plant desiccation during the dry season in the sudanian region (Monnier 1980; Bruzon 
1990). It is during the dry season period that biomass burning takes place in the sudanian 
savanna zone.  
 
I.2.3.2.3. Humid season period 
The humid season is also called the rainy season. The rainfall data show that the 
humid period extends from May to October, with 88.2% of annual rains. The main 
characteristics of the rainy season are a slight decline in the relative air temperatures and 
a great increase in the air humidity to up to 95% (Appendix G). The rainy season is a 
unique and continuous period during which plants accomplish their vegetative growth 
cycle and produce the maximum fuel load (Bruzon 1990; Brand and Durousset 1995; 
Diagana 1995; Filleron 1995; Le Roux 2006).  
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I.2.3.3. Annual vegetation growth cycle in the sudanian savanna 
The annual cycle of the vegetation growth is composed of germination, 
development, flowering, and desiccation and is largely driven by precipitation (Bruzon 
1990). Perennial grasses start their vegetative cycle earlier and last longer while annual 
grass species growth takes place during the active period. In the sudanian savanna zone, 
there are four stages of different time lengths in the vegetation cycle that vary in 
relationship to distribution and amount of rainfall (Fig. 7). 
The first stage takes place in the early dry season. It starts quickly a few days after 
the bush fire occurs. Thanks to the residual soil water reserves, perennial grasses rapidly 
sprout in the absence of rain (Stage 1, Fig. 7).  
The second stage is one of moderate growth that lasts until late April. It takes 
place in the middle and late dry season. The existence of the grass layer is linked to the 
intensity of the dry season occurring during this period. During the pre-humid period of 
April, annual species germinate and grow while perennial species become green with 
new leaves. Shrubs and trees flourish (Stage 2, Fig. 7).  
The third stage is the most active growth phase that takes place between April and 
October. The onset of active growth is linked to the beginning of the rainy season. During 
this period, annual and perennial grasses, shrubs, and trees are all green. The month of 
October is the month during which the grass layer reaches its maximum height and 
biomass load (Stage 3, Fig. 7).  
The fourth and last stage is also called the post-humid period. It marks the end of 
the annual vegetation growth cycle in November during which, soil water reserves start 
drying up. The green vegetation is physiologically dehydrated (Stage 4, Fig. 7). Thanks 
to the soil water reserves, perennial vegetation continues its development. Thus, swampy 
areas and depressions with high water reserve promote regrowth during the entire dry 
season period. The last phase of the vegetation cycle can end earlier or last longer, 
depending on the cessation and the onset of rains (Bruzon 1990).  
In addition to the natural vegetation growth cycle, anthropogenic activities such as 
agriculture, livestock grazing, and the use of fire also modify the dynamic of the 
vegetation growth. Farmers selectively clear the landscape by cutting down the ligneous 
vegetation and protecting some economically valued tree species such as Parkia 
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biglobosa and Butyrospermum parkii. Early in the dry season, farmers set fires to protect 
their mango and cashew plantations. Herders burn to promote more nourishing grasses 
for their cattle. These burnings are facilitated by the existence of continuous perennial 
and annual grass layers that begin to dry as soon as rains stop. They are not intense and 
destructive to woody species that continue to develop (Koné et al. 2008). 
 
Stage 1: Pictures taken on 12/07/2007 and 12/17/2008 early in the dry season 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stage 2: Pictures taken on 1/17/2008 and 3/22/2008 in the middle dry season 
 
 
 
 
 
 
 
 
 
 
 
 
Stage 3: Pictures taken on 5/31/2008 and 6/24/2008 during the rainy season 
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Stage 4: Pictures taken on 9/17/2008 and 11/24/2008 at the end of the rainy season 
 
 
 
 
 
 
 
 
 
 
Fig. I.7. Annual vegetation growth cycle in the sudanian savanna, Katiali  
 
 
I.2.3.4. Population and land use activities in the sudanian zone 
Two cultural groups, the Mandé group (the northern Mandé or Jula) and the 
Voltaic group (Senufo, Koulango, and Lobi-Gouin) share the sudanian savanna zone in 
the north of Côte d‟Ivoire (Université d‟Abidjan 1974: 10). In the northwest (Odienné 
region), Malinké continuously occupy the space. In the north central (Korhogo region), 
there are two major ethnic groups. Senufo (Jula: siéna-fo, “those who speak Siéna”) are 
composed of a number of sub-groups (Tagbambélé, Kassambélé, Kiembara, Nafambélé, 
Tangabélé, Kafibélé, Kouflo, and Gbonzoro) (Coulibaly 1978: 53; Bassett 1985: 11). 
Malinke also called Jula (Jula: trader) are for the most part dispersed and live among the 
Senufo in the north central region. The third and fourth major ethnic groups, Koulango 
and Lobi inhabit the northeast of the country (Bouna region). Like the Jula, the Lobi, and 
even some Senufo are dispersed and live among the Koulango in the northeastern part of 
the country.  
In addition to the natives, the Ivorian northern region recently experienced the 
migration of FulBé pastoralists from neighboring countries of Burkina Faso and Mali. An 
important number of FulBé pastoralists settled from the beginning of 1970s in the region 
because of the Sahelian drought of 1968. According to the Ivorian development livestock 
agency census for 1981, there were proximally 1,300 Fulani herd owners in the north 
with an average herd size of 175 cattle (SODEPRA 1981 cited by Bassett 1985). 
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Agricultural-led growth is the hallmark of Côte d‟Ivoire‟s economic success 
story. About 68% of the labor force is engaged in forestry, crop cultivation, and livestock 
raising and accounts for 23% of the GDP, which grew by more than 2% in 2008 and 3% 
in 2009 (http://www.cia.gov; USAID 2008). Côte d‟Ivoire is the world‟s largest producer 
of cocoa and one of the top five coffee producers.  
Cotton and recently mangoes and cashews are the main commercial crops and 
major source of income for tens of thousands of rural households in the savanna region 
(USAID 2008). The importance of cotton and tree crops to rural livelihoods is likely to 
continue in the future. Other savanna region crops include sugar cane, millet, sorghum, 
groundnuts, maize, and rice.  
Agricultural techniques are in general rudimentary based on shifting cultivation 
and the use of short-handled hoes. However, since the development of cotton economy 
during the 1970s, an increasing number of cotton growers are now using ox-drawn plows. 
In 1980, 10% of the cotton growers in the Korhogo region employed animal traction and 
were responsible for cultivating 35% of the area under cotton (CIDT 1980 cited by 
Bassett 1984). Today, almost all the households in Katiali possess an ox-plow. Also a 
few wealthier households employ tractors for farming. Other “improved” agronomic 
practices such as selective seeds, fertilizers, and pesticides are also used. Despite the 
adoption of new agricultural techniques, farmers still use fire as tool to clear land for 
farming and other resource management goals.  
Livestock raising is also an important land use activity in the savanna region, 
especially for FulBe households who practice a highly mobile form of cattle raising. 
National and international development institutions have been interested in the savanna 
zone because the region has a great natural potential (pasture and water resources are 
available) for livestock production, which is still under exploited. The Ivorian 
government, with bilateral and multilateral funding created a national livestock 
development agency (SODEPRA) to improve livestock management practices. 
SODEPRA provided veterinary care to treat animal diseases and built pastoral 
infrastructure such as dams and animal tracking corridors to encourage livestock 
development. The infrastructures created and the knowledge gained during the 
SODEPRA era are still beneficial to livestock raising systems.  
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The increase in livestock raising also strongly influences biomass burning in the 
savanna zone. Early at the beginning of the dry season period when grasses start to dry, 
herders set fire to the bush to favor more nourishing and palatable grasses for their cattle.  
 
I.2.3.5. Study site 
The locality selected for the research is Katiali (Fig. 3). Katiali is located in 
northern Côte d‟Ivoire about 55 kilometers northwest of Korhogo, the regional economic 
capital and administrative center. More than 3,000 people composed of the Senufo, Jula, 
and FulBe ethnic groups inhabit the village. Due to its relatively low population density, 
the Katiali region has also become a magnet attracting agricultural migrants from the 
Korhogo region and from Mali. 
 Agricultural activities are mainly focused on cotton and food crop cultivation, 
hunting, and honey collection. Since the early 1990s, many farmers have invested in 
mango and cashew plantations (Bassett and Koné 2008).  
Livestock raising is also an important land use activity in Katiali. FulBé 
households, agricultural migrants, and relatively prosperous households in Katiali are 
investing in cattle raising to increase their assets, especially since the decline in the cotton 
economy (Bassett 2009). Herd movements during the rainy season take place within the 
Katiali region (Fig. 8). During the long dry season, many FulBé take their herds as far 
south as the Mankono region. Biomass burning in Katiali begins early in the dry season 
in the month of November when FulBé burn grasses to encourage grass regrowth for 
cattle grazing. Farmers also set fire to protect their orchards from the incoming middle 
and late dry season fires that may damage their plantations. 
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Fig. I.8. The region of Katiali, 2006/07 
Source: Landsat 7 satellite image, 11/23/2006 
On the image, the red color represents wooded vegetation (Dry forest and gallery forest along 
rivers), the green represents grass (grass savanna) and/or a mix of grass and shrub (Shrub savanna 
and fallow field), and blue is human activities (Croplands and villages).  
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I.3. Organization of the dissertation  
The United Nations Conference on the Environment and Development (UNCED) 
held in Rio de Janeiro (Brazil) in June 1992 drew attention to concerns about 
environmental change that included biodiversity, tropical deforestation, climate change, 
ozone layer protection and generally emphasized the development problems in the global 
South (Dibi 2004; Mbow 2004). In addition, the Rio de Janeiro and Kyoto conferences 
required that governments who signed the United Nations Convention on Climate 
Change to establish, publish, and make available to the Conference of Parties, the 
inventory of anthropogenic emissions, sinks and reservoirs of all greenhouse gases that 
are not regulated by the Montreal protocol and to establish programs that aim to reduce 
greenhouse gas emissions (GES-CI 1996; IPCC 2003; Mbow 2004).  
 This research focuses on savanna ecology, biomass burning and on the emission 
of two key gases extremely important to climate and air quality: carbon monoxide and 
carbon dioxide. The Intergovernmental Panel on Climate Change (IPCC) and the United 
Nations Framework Convention on Climate Change (UNFCCC) target these gases for 
climate change mitigation. 
This dissertation seeks to enhance understanding of the generation of these gases 
through an assessment of burning regimes, vegetation dynamics, and greenhouse gas 
emissions in a West African savanna. I argue that understanding and integrating savanna 
ecology and burning regimes to the efforts of national inventories and climate models 
will allow to better quantify the West African contribution of biomass burning to climate 
change scenarios. Land use policies based on accurate information are more likely to 
positively affect rural people‟s livelihoods in West Africa. 
The choice of the Katiali region in the sudanian savanna zone provides an 
opportunity to assess burning regimes, vegetation dynamics, and greenhouse gas 
emissions at the local scale in an ecological zone where farmers and pastoralists 
increasingly use fire as a natural resource management tool. The study site provides 
information on biomass burning that is representative of the central West African region. 
The dissertation is composed of seven chapters of varying page length. Chapter 
one reviews the results of relevant studies on the political ecological framework, 
Malthusian perspective, biomass burning, relationships between savanna ecosystems and 
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fire, and global climate change. Chapter two describes the research methods used in field 
as well as in the laboratory to collect and analyze data. Chapter three presents the main 
results and discusses the research findings of the burning regimes study while the fourth 
chapter treats the main findings of the land cover analysis. Chapter five estimates and 
analyzes the results of the greenhouse gas study. Chapter six critiques assumptions, 
narratives, and perceptions prevailing in the climate change literature on the contribution 
of savanna fires to greenhouse gas emissions. Chapter seven concludes this dissertation. 
It discusses the implications of this research for debates on environmental change, 
biomass burning, and climate change for West Africa and makes some recommendations 
to decision makers, scientists, and development experts to reduce constraints and 
maximize opportunities for emissions, carbon mitigation, and adaptation measures.  
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CHAPTER 1: THEORETICAL ORIENTATION AND 
REVIEW OF LITERATURE 
 
1.1. The Political ecology approach to biomass burning  
The conceptual framework of this research mainly builds upon political ecology. 
Political ecology is an interdisciplinary approach to the study of human-environmental 
relationships that integrates social, political, cultural and biophysical processes in order to 
deepen our understanding of environmental and social change (Zimmerer and Bassett 
2003). The approach develops upon the assumption that the interactions between the 
environment and society are complex and contextual (O‟Rourke 2004; Peet and Watts 
2004). Political ecologists argue that to better understand environmental change, analysis 
must focus on state, market, and civil society interactions around the environment 
(O‟Rourke 2004). The approach examines the long-term study of human-environmental 
interactions based on local history, local knowledge, and local specific ecologies (Blaikie 
1994; Peet and Watts 2004). Political ecology seeks to deepen our understanding of 
issues through multiscale analysis, intensive fieldwork, and a critique of international 
environmental policies about the global environment (Bryant 1992; Blaikie 1994). The 
approach has been widely used to examine conflicts over resources (Bassett 1988; Carney 
2004; Schroeder and Suryanata 2004; Watts 2004), hunting and conservation (Sundberg 
2003; Young 2003; Neuman 2004), and environmental degradation discourses 
(Mortimore 1998; Bassett et al. 2003; Turner 2003; Forsyth 2004; Hecht 2004; O‟Rourke 
2004; Robbins 2004).  
Our point of departure is that the neo-Malthusian assumptions that inform 
ecoscarcity arguments impede understanding of the social and ecological dynamics 
driving biomass burning and greenhouse gas emissions. The Malthusian concept argues 
that human population is increasing at an exponential rate but that food production 
progresses in a linear manner (Malthus 1973; Meadows et al. 2004). The “ecoscarcity” 
perspective (Robbins 2004) states that the increase in human population results in more 
pressure on resources and in resource scarcity. Thus, environmental narratives explaining 
deforestation, desertification, and savannization emphasize vegetation degradation from 
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human pressure on resources (Mortimore 1998; Bassett et al. 2003: 54; Houghton 2003a, 
b). Much of the research treating the interrelationships of environment and society 
emphasize the role of population pressure on environmental change (Pearce 2010; 
Robbins et al. 2009). In Burkina Faso, Poda (1998) analyzed farmers, hunters, customary 
burning practices and herders‟ impacts on the environment and concluded that human 
pressure on the environment leads to negative impacts on ligneous and grass species and 
on soil fertility.   
The Malthusian perspective is common in the literature on biomass burning and 
greenhouse gas emissions. The concept is based on the assumption that increasing 
population pressure on resources leads to more burning, more greenhouse gas emissions 
and more global warming. Quotes from various authors underscore this shared viewpoint. 
Koppmann et al. (2005: 10457) reviewed biomass burning emissions and argued: “rising 
populations, especially in the Third-World countries, will lead to a considerable change 
in land use and increased exploitation of biofuel as an energy source.” Similarly, 
Cochrane (2003: 913) writes, “in the tropics, demographic and land use changes have 
recently made fire a matter of serious concern”. Harris (1990: 173) declared, “Human 
population growth has produced an increasing demand for food, fuel, and materials. The 
intensity of resource use by a particular segment of the global population depends on 
many factors such as economic status, cultural characteristics, political system and 
available technology. However, to varying degrees the entire global population 
contributes to the increasing rates of greenhouse gas emissions to the atmosphere.”  
The neo-Malthusian perspective fails to consider the variety of burning regimes in 
diverse savanna environments and their transformation under changing political, 
economic, and ecological conditions. The influx of mobile pastoralists and their cattle 
during the 1970s in the context of the great Sahelian drought and Côte d‟Ivoire livestock 
development policies has led to significant changes in burning practices with important 
implications for greenhouse gas emissions. Prior to the 1970s, hunters and farmers 
burned the savanna during the mid- to late-dry season to flush out game and to prepare 
their fields for cultivation. Beginning in the 1970s, pastoralists set fires during the early 
dry season to produce nutritious grass regrowth for their cattle. Although population 
densities increased as a result of this immigration, greenhouse gas emissions declined as a 
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result of early burning because of biophysical changes in the intensity of burning and less 
efficient combustion.   
Also, because of the recent development of mango and cashew orchards in the 
savanna region, farmers currently set fire around their plantation early in the dry season 
to protect them from middle dry season fires. The expansion of orchards has increased 
the permanently cultivated areas in the region and diminished the areas burned.  
 
1.2. Tropical Africa and undifferentiated savanna ecosystems 
in the biomass burning and greenhouse gas emissions 
literature 
The scientific literature presents biomass burning as an important contributor to 
atmospheric greenhouse gases and particulate matter. Notably it commonly views 
tropical Africa as the “burn center” of the planet (Levine et al. 1999; NASA 2005a,b). 
Biomass burning is said to take place mainly in savanna regions north of the equator. The 
image of tropical Africa as a “burn center” is framed by the assumptions that the region 
produces large amounts of fuel likely to burn. The total amount of biomass is 
theoretically estimated based on the assumption that one kilogram of wood contains 
about 0.42 to 0.5 kilogram of carbon (Brown and Gaston 2001). Jenkins and Ryu (2003) 
estimated that 1.8 Gt
1
 of biomass was burned in the early 1990s. According to them, 
savanna vegetation burning accounted for 1 to 1.6 Gt of the 1.8 Gt of this total. 
Levine (1999) argues that the extent of biomass burning has increased 
significantly over the past 100 years due to human activities. According to him, biomass 
burning is an important source of greenhouse gas emissions at the global scale. He 
estimated that worldwide biomass burning is responsible for 40% of carbon dioxide and 
38% of tropospheric ozone. Jenkins and Ryu (2003) estimated that African savanna fires 
were responsible for 30% of the global biomass burning emissions in the 1990s. Despite 
these general statements, there are no accurate data for tropical Africa, and especially for 
the West African savanna ecosystems on the amount of greenhouse gas emissions 
stemming from biomass burning.  
                                                 
1
 One Gigaton (Gt) equals one billion tons 
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Part of the data problem is that only few studies exist on greenhouse gas 
emissions from savanna fires (Koppmann et al. 2005: 10465). The only sources to 
estimate biomass burning emissions in West Africa are the CHARCOAL experiment of 
April 1992 on traditional charcoal burning and the Fire of Savannas/Dynamique et 
Chimie Atmosphérique en Forêt Equatoriale (FOS/DECAFE) experiments conducted in 
January 1989 and 1991 at the Lamto research station in the guinean savanna in central 
Côte d‟Ivoire by R. Delmas and J. P. Lacaux (Nguyen et al. 1993; GES-CI 1996: 21; 
Koppmann et al. 2005). The results of these experiments are the ones routinely referred to 
in the literature investigating the West African biomass burning emissions (Nguyen et al. 
1993; GES-CI 1996: 21; Cachier et al. 1995; Liousse et al. 1995; Gaudichet et al. 1995; 
Rudolph et al. 1995; Masclet et al. 1995; Bonsang et al. 1995; Lacaux et al. 1995). The 
Ivorian bureau of climate change used the FOS/DECAFE data during its 1996 
greenhouse gas assessment. Koppmann et al. (2005) repeatedly refer to the 
FOS/DECAFE experiments during their “review of biomass burning emissions, part I” in 
2005. A problem with the FOS/DECAFE data is that they are experiment station based. 
As such they do not reflect the land use practices of farmers and herders in West Africa. 
Also, FOS/DECAFE experiments were conducted in the Guinean savanna in central Côte 
d‟Ivoire, which is just one of many savanna environments in Côte d‟Ivoire. They were 
also conducted during the month of January 1989 and 1991 instead of during different 
periods of the burning season.  
The literature argues that huge areas of savannas are regularly burned. Crutzen 
and Andrea (1990) estimate the world savanna areas at about 1,900 million hectares and 
assume that the all savannas (1,900 million hectares) burn annually. They quantified the 
worldwide savanna burning annual emissions between 400 and 2,400 Tg of carbon. 
NASA‟s maps and photos of biomass burning reinforce the image of Africa on fire, and 
more so than any other continent as one of the major “fire center” of the planet with more 
biomass consumed by fire in Africa than anywhere else on Earth (Fig. 2.1, p.54). 
One of the problems with this literature is that it presents savannas as a 
homogeneous landscape. Crutzen and Andreae (1990: 1670) describe, “Tropical savannas 
and brushland, typically consisting of a more or less continuous layer of grass 
interspersed with trees and shrubs…” Cros et al. (2000: 29, 348) argued, “pyrogenic 
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emissions in the northern African tropics occur mainly in the savanna zone, between 5 
degrees and 15 degrees North”. Liousse et al. (2004: 78) “distinguish six major classes of 
fuel composition and use, namely the burning of savannas, tropical forests, extratropical 
forests, domestic fuels (including fuelwood and dung), and agricultural wastes, and the 
production and use of charcoal”. Jain and Young (2006: 3) also see savanna as a 
homogeneous landscape. They distinguish several vegetation types including “tropical 
evergreen, tropical deciduous, temperate evergreen, temperate deciduous boreal, savanna, 
grassland, shrubland, tundra, desert, polar ice/desert, cropland, and pasture”. Brown and 
Gaston (2001) use the United Nations FAO 64 land cover classes in the FAO regional 
land cover map. Mbow and colleagues (2000: 565) cited the International Geosphere-
Biosphere Program land cover classification in their work. These different vegetation 
classes are “open savanna, savannas, grasslands, croplands, cropland and natural 
vegetation mosaic”. The problem with such generic classes is that they fail to capture the 
heterogeneity of savanna environments because one coefficient is typically assigned to 
each of these vegetation types.  
The political ecological framework also considers the complexity of savanna 
environments as worthy of further investigation. In contrast to the monolithic view of 
savannas found in the climate change literature, we believe that the diversity of savanna 
plant communities matters in terms of burning regimes and greenhouse gas emissions.  
The study was structured to examine burning practices, plant composition, and gas 
emissions in the northern sudanian savanna in Côte d‟Ivoire. Research shows that land 
cover diversity has important consequences for the amount of greenhouse gas emitted 
from biomass burning.  
Van Der Werf et al. 2003 (552) classified the tropical vegetation in relationship to 
rainfall. They state: “For the purpose of exploring the dependence of fires on moisture, 
regime and productivity across the tropics, we constructed a vegetation map based on 
mean annual precipitation (MAP) and satellite-derived tree-cover. We defined closed 
canopy broadleaf forest as areas where the amount of tree cover exceeded 70% and MAP 
exceeded 1500 mm, and open canopy moist woodlands as areas where the amount of tree 
cover was less than 70% (and again MAP exceeded 1500 mm). The other vegetation 
types were separated by different MAP values”.  The different vegetation types reported 
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by the study are closed canopy broadleaf forest, open canopy moist woodland, 
intermediate woodland, wooded grassland, grassland/shrubland and desert (Van Der 
Werf et al. 2003: 553). This method of vegetation classification using annual 
precipitation and tree cover assume a correlation between rainfall and vegetation type. 
But the mean annual precipitation does not always reflect the type of supposed 
vegetation. For instance the Ivorian vegetation and precipitation maps do not always 
overlap. Also, in southern Côte d‟Ivoire, a savanna landscape lies in the coastline area in 
the Dabou region where the annual precipitation is about 2,000 mm. Many factors such as 
soil fertility, type and texture, and the topography explain the type and extent of 
vegetation. The period of burning also explains the amount of available biomass. Early 
fires permit perennial grass and tree species to resprout just after the burning and lead to 
more biomass. Hot middle and late dry season fires reduce the amount of vegetation. The 
biomass burning and greenhouse gas emissions literature also says little about burning 
regimes and their effects on savanna ecosystems, and on greenhouse emissions. Only a 
few studies examine the relationships between savanna vegetation type and fire. 
 
1.3. Burning regimes 
A burning regime refers to the timing, intensity, efficiency, and frequency of fires. 
In West Africa, the timing of burning is extremely important in terms of a fire‟s effects 
on land cover change and greenhouse gas emissions. Dry season burnings are commonly 
divided into three periods: early, middle and late dry seasons (Monnier 1968; César 
1990a; Bassett and Koli 1998; Mbow et al. 2000; Koné et al. 2008). Fires set in the early 
dry season are less destructive to vegetation than middle and late dry season fires. This 
timing is also important for the amount of fuel burned and gases and particulate matter 
emitted. Despite these important distinctions on the varying intensity and efficiency of 
burning within the dry season, the climate change literature rarely considers the temporal 
dimension of burning. For example, Nguyen et al. (1993: 209-210) write, “In tropical 
Africa, savannas are burned almost continuously, from December to March in the 
Northern Hemisphere”. Their field experiments were conducted in January 1989 and 
January 1991 during the middle dry season burning in the Guinean savanna at the Lamto 
research station in Côte d‟Ivoire. In their important study, the “dry season” is typically 
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viewed as homogeneous in both space and time in West Africa. The temporal dimension 
has two components. First, fires are assumed to be destructive, middle and late dry season 
fires. Second, there is no discussion of duration and location of the “dry season” which 
does vary with latitude in West Africa. The north-south movement of the Inter-Tropical 
Convergence Zone (ITCZ) results in the dry season starting early and lasting longer in the 
sudanian savanna in contrast to the shorter dry season in the southern Guinean savanna 
(Fig. 1.1).  
 
 
 
 
 
 
Fig. 1.1 Savanna vegetations in Lamto (11/12/2008) and Katiali (11/20/2008) in the same period. 
The vegetation dries (B) and burns (C) earlier in Katiali than in Lamto (A).  
 
Fire studies that report differences in the timing of burning do not link the 
temporal and spatial distributions of biomass burning. For instance, Cros et al. (2000: 29, 
348) argue, “Generally, the fire period (corresponding to the dry season) begins in early 
November, peaks in January, and ends in February/March.” Mbow et al. (2000: 572) 
underscored the existence of early fires and late fires in Sénégal. Abbadie et al. (2006: 
52) informed the literature about the impacts of the timing of burning. They state, “The 
early fire regime has almost no effect compared to complete fire exclusion. Because fires 
in Lamto occur regularly during the dry season, as middle fires, they may not be 
sufficient to prevent tree invasion; a late fire from time to time might be needed to reduce 
tree density”. The early dry season fires in the pre-forest savanna landscapes at Lamto 
station in Côte d‟Ivoire do not correspond to the early dry season fires of the sudanian 
savanna, which occur in late October-November (Fig. 1.1). It is important to make these 
distinctions in our analyses of biomass burning and its effects on land cover change, and 
gas and particulate matter emissions. 
The timing of burning is crucial to understanding burning regimes. Bush fires that 
are set in the early dry season are less intense than those of the middle and late dry 
A C B 
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seasons. Because of the relatively high water content, air humidity, and low wind speed, 
early dry season fires produce unburned patches throughout the landscape. Many authors 
underscore that more bush fires are occurring in the early dry season, leading to less 
intense burnings. Thus, they argue that there is a change in burning intensity (Bassett and 
Koli 1998; Eva and Lambin 2000; Jenkins and Ryu 2003; Laris 2002).  
Combustion efficiency in savanna landscapes also remains unclear. The 
combustion efficiency is different depending on the vegetation type, combustion stage, 
and burning period. Ward and Hardy (1991) conducted an experiment and said that the 
combustion efficiency is 50-80% for smoldering combustion and 80-95% for flaming 
combustion. For different vegetation types, Jain et al. (2006: 4) used 0.75 for savanna 
combustion completeness, tropical evergreen 0.50; tropical deciduous 0.50; temperate 
evergreen 0.50; temperate deciduous 0.50; grassland and pastureland 0.83, shrubland 
0.75, cropland 0.86. Savanna is a heterogeneous landscape mainly composed of 
woodland and open forest, gallery forest, bush savanna, grass savanna, cropland and 
fallow fields that have specific combustion efficiency coefficients.  
Abbadie et al. (2006: 53) suggest a method to estimate burning intensity. 
According to them, “the easiest way to measure fire severity is through temperature 
measurements. (…) This can be done with a thermocouple or more easily, with thermal 
paints and pencils (paints that show a color change at a fixed temperature). 
Thermocouples measure the instantaneous temperature, while thermosensitive paints 
include a time effect in their response and theoretically measure the maximal temperature 
over the time they have been exposed to.” They also state, “Spatial and temporal 
distribution of fire severity are important, due to many causes acting at different scales. 
Such variations have possible effects on vegetation dynamics” (Abbadie et al. 2006: 55). 
Other studies link burning intensity to the burning period and to biomass characteristics. 
Burning intensity also varies according to the time of the day. Solar radiation and 
exposure to the sun affect burning intensity. Thus, fires set in the mornings and in the 
evenings are less intense than mid-day burns. Many authors underscore that more and 
more bush fires are occurring in the morning and evening by farmers and herders, 
especially early in the dry season leading to less intense fires. They suggest that past fires 
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were more destructive than current savanna fires (Bassett and Koli Bi 1998; Eva and 
Lambin 2000; Jenkins and Ryu 2003).  
 
1.4. Biomass burning research in the environmental and 
atmospheric sciences literature  
Biomass burning is defined as a combination of physical and chemical processes 
divided into ignition, flaming, smoldering and glowing phases (Ward and Hardy 1991; 
Nguyen et al. 1993; Koppmann et al. 2005). These different “combustion phases compete 
for available fuel” and contribute to the diversity of combustion products (Ward and 
Hardy 1991). Environmental scientists extensively examined the contributions of biomass 
burning in terms of gases and aerosols released into the atmosphere and investigated their 
impacts on human health, vegetation, and climate.  
Biomass burning contributes to the increase in the atmospheric budget of several 
gases (Crutzen and Andreae 1990). Combustion products of vegetation have been 
inventoried worldwide and include all C products and several halocarbons (carbon 
monoxide (CO), carbon dioxide (CO2), methane (CH4), hydrogen (H2), halocarbons 
(CH3CL, CH3Br)); nitrogen gases ((nitric oxides (NOx), nitric oxide (NO), ammonia 
(NH3), nitrous oxide (N2O), nitrogen (N2), hydrogen cyanide (HCN), acetonitrile 
(CH3CN); sulfur gases (sulfur dioxide (SO2), carbonyl sulfide (COS)) (Cruzten and 
Andreae 1990; Ward and Hardy 1991). Biomass burning also releases trace elements 
such as potassium (K), calcium (Ca), phosphorus (P), iron (Fe), and chlorine during 
different stages of the combustion. Sodium, sulfur, chlorine, and potassium are produced 
during high temperature flaming phase, while iron is released during the latter periods of 
the smoldering stage. Particle sizes range from about 0.1 to 100 micrometers. Large 
particle size is greater than 10 micrometer, while a small particle size is less than 10 
micrometer (Cofer et al. 1988). These two groups of particles are different in terms of 
origin, chemical composition, and atmospheric effects (Sillman 2004). Larger particles 
result from mechanical wear on preexisting solid substances while finer particles are 
result from chemical reactions in fires, smokestacks, engines, and photochemistry in the 
atmosphere.  
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Gases have a strong influence on the chemistry of ozone (O3) and hydroxyl OH, 
and thus on the oxidative state of the atmosphere. In addition to important impacts on the 
atmospheric chemistry, gases and aerosols affect human health.   
Changes in the atmospheric chemistry composition affect people in several ways. 
Wark and Warner (1981) argue that particulate matter alone or in combination with other 
pollutants constitute a very serious health hazard. Pollutants enter the human body by 
respiration and affect the respiratory organs. Ozone and CO2 are potential causes of 
health problems in polluted regions (Wuebbles 2001; Sillman 2004; Simms et al. 2004).  
One of the most important effects of atmospheric pollutants is climate change. 
Many scientists fear that increased concentrations of gases and aerosols have prevented 
additional thermal radiation from leaving the Earth because these emissions trap excess 
heat in the Earth‟s atmosphere. For instance, ozone traps thermal radiation coming from 
the Earth in the middle and upper troposphere. Over the past 150 years, up to 20% the 
warming experienced on the Earth is attributed to increases in ozone (Weier 2003). 
Aerosols can influence climate directly by changing the earth‟s radiation balance. 
They reflect sunlight back into space. Smoke particles also contain black carbon (C), 
which may absorb sunlight and cause a heating of the atmosphere and less penetration of 
solar energy to the earth‟s surface. Such an effect influences the heat balance of the lower 
troposphere. It results in less solar heating of the surface and a warming of the 
atmosphere.  
The increase of the concentration of greenhouse gases and aerosol particles in the 
atmosphere led to in an increase in the Earth‟s average temperature over the last century 
(Weier 2002; IPCC 2007). The Intergovernmental Panel on Climate Change (IPCC) 
argues that the globe‟s average temperature has increased between 0.4 and 0.8oC and that 
“eleven of the last twelve years (1995-2006) rank among the twelve warmest years in the 
instrumental record of global surface temperature (since 1850)” (Weier 2002; IPCC, 
2007:30). In addition, the temperature increase is widespread over the globe and greater 
at higher latitudes (IPCC 2007: 30). Based on possible increase in emissions, IPCC 
predicts an increase of temperature between 1.4 and 5.8
o
C by the end of the 2100 (Weier 
2002; IPCC 2007: 45). 
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There are several and very important implications of the increase in temperature 
for human and environmental systems. One notable effect is the rise in the global sea 
level at an “average rate of 1.8 [1.8 to 2.3] mm per year over 1961 to 2003 and at an 
average rate of about 3.1 [2.4 to 3.8] mm per year from 1993 to 2003” (IPCC 2007: 30). 
Another impact is the melting of glaciers. According to IPCC, Arctic sea ice extent has 
shrunk by 2.7 [2.1 to 3.3] % per decade, with larger decreases in summer of 7.4 [5.0 to 
9.8] % per decade (IPCC 2007: 30).  
At the continental, regional, and ocean basin scales, other potential effects of 
global warming have been observed in precipitation amount in many large regions. In one 
hand, precipitation significantly increased in eastern parts of North and South America, 
northern Europe, and northern and central Asia. In the other hand, rainfall declined in the 
Sahel, Mediterranean, southern Africa, and parts of southern Asia. Overall, drought-
affected regions have increased since the 1970s (IPCC 2007: 30).  
The warming effects also directly concern humans. An increase in heat and rain in 
equatorial regions will likely increase the vector-born diseases such as malaria, severe 
flooding and more deaths in coastal regions and along rivers. Warmer temperatures may 
also lead to higher levels of near-surface ozone, which will further lead to respiratory 
problems. 
There is high confidence, based on more evidence from a wider range of species, 
that recent warming is strongly affecting terrestrial biological systems, including leaf-
unfolding, bird migration and egg-laying, and poleward and upward shifts in ranges in 
plant and animal species. Additionally, many regions experience earlier “greening” of 
vegetation in the spring linked to longer thermal growing seasons, earlier spring planting 
of crops, and alterations in disturbances of forests due to fires and pests (IPCC 2007: 33).  
Despite this improved understanding of the human-environmental impacts of the 
increase of greenhouse gas and particle emissions in the atmosphere, the assessment of 
the contribution of biomass burning to atmospheric emissions is full of uncertainties. The 
first uncertainty concerns the accuracy of coefficients widely used in the calculation of 
biomass burning-induced greenhouse gas emissions in climate change models. The 
general equation to quantify the gas and aerosol particle X is the basic biomass burning 
emissions model of IPCC (IPCC 2003:49, 2006: A2.13): 
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In which:  
- Emission is the gas or aerosol flux in tons (t) 
- Area is the total area burnt in hectare (ha) 
- Fuel load is the amount of burnt biomass in tons per hectares (tons/ha).  
- Burning completeness is the fraction of fuel burnt in percent (%) 
- Emission factor of a gas is the amount of this gas generated when one kilogram of fuel 
is burnt.  
The determination of the above coefficients (Area, fuel load, burning 
completeness, and emission factor) is critical for the accurate calculation of gas and 
aerosol emissions. According to Liousse et al. (2004), these parameters are consistently 
known to vary within +/- 50%. They argue that for high accuracy of burning efficiency 
values, fuel mass should be classified (dry grass, green grass, leaf litter, twigs, logs, etc) 
because combustion efficiency ranges from 98% for standing dry grass to less than 10% 
for dead logs, depending on the biome.  
The accuracy of coefficients used to estimate national emissions is a major 
concern for IPCC and UNFCCC (IPCC 2006, 2007). IPCC (2006) distinguishes three 
levels of accuracy: Tier 1, Tier 2, and Tier 3 IPCC 2006: 6.6-6.8). Tiers correspond to a 
progression from the use of simple equations with default data (Tier 1) to country-
specific data (Tier 2) that may require subdivision to capture different ecosystems and 
site qualities, climatic zones and management practice within a single land category in 
more complex national systems (Tier 3)  (IPCC 2006: 6.6-6.30).  
In summary, to better quantify the contribution of the West African biomass 
burning in terms of greenhouse gases and aerosols emissions, one must use the Tier 3 
method, which consist in collecting accurate data in individual ecological regions and 
linking these local measurements with fine satellite imagery techniques, and modeling 
procedures.  
 
 
Emission (tons) = Area (ha) * Fuel (tons/ha) * Completeness (%) * Emission Factor (g.kg-1) * 10-3 
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CHAPTER 2: RESEARCH DESIGN AND METHODS 
2.1. Research design 
2.1.1 General research problem 
This research investigates how local people use fire to manage their natural 
resources, how these practices modify landscapes and contribute to greenhouse gas 
emissions over time. The general research thesis is that the impact of biomass burning in 
West Africa on global climate change has been overestimated and that the anti-burning 
land use policies based on the current scientific literature may be misconceived. I argue 
that contemporary agricultural and pastoral practices in West Africa increasingly generate 
early fires that result in less intense fires, inefficient burnings, and bush encroachment. 
Inefficient and less intense biomass burning produces less gas and aerosol emissions into 
the atmosphere while increased vegetation cover sequesters more carbon dioxide than 
believed. Three specific hypotheses structure this research. 
 
2.1.2 Hypotheses 
(1) The first hypothesis states that local resource users increasingly set fires during the 
early dry season. These early fires are less intense, inefficient, and are less destructive to 
the vegetation. 
 
(2) The second hypothesis is that the shift in the timing of biomass burning from the 
middle and late dry season to early dry season refashions the savanna ecosystems into 
burned and unburned patches. The new burning regimes characterized by low fire 
intensity and low combustion efficiency are producing a more wooded savanna 
landscape.  
 
(3) The current scientific assessment of biomass burning emissions for West Africa 
assumes that burnings are intense and frequent, and that they produce high levels of 
greenhouse gases and aerosol emissions. The third specific hypothesis is that this 
contribution is not as high as believed because changing burning regimes and land cover 
change result in fewer greenhouse gas and aerosol emissions. 
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Three specific questions are linked to these three hypotheses.  
 
2.1.3 Research questions 
(1) The first question is how do farmers, hunters, and herders use fire and how have these 
practices changed over the past forty years? 
 
(2) The second question is what are the effects of changing burning regimes on the 
structural and floristic compositions of sudanian savanna ecosystems? 
 
 (3) The third question is how much do the sudanian savanna ecosystems contribute to 
global gas and aerosol emissions? 
Three specific objectives are also linked to the above set of hypotheses and questions.  
 
2.1.4 Research objectives 
Specifically, I aim to:  
(1) Understand the trends of burning intensity and efficiency related to different periods 
of burning at the local and regional levels in the sudanian savanna ecosystems of Côte 
d‟Ivoire. 
 
(2) Examine the nature and the direction of land cover change in the sudanian savanna 
landscapes in Côte d‟Ivoire over the period 1970 to 2009 under new burning regime 
conditions, and 
 
(3) Measure the concentration of key gases (carbon monoxide and carbon dioxide) 
emitted from the combustion of different types of savanna biomass in experimental plots 
and to estimate the regional contribution of greenhouse gas emissions.  
 
Specific research hypotheses, questions, and objectives structured the research 
methodology, which involved the collection of qualitative and quantitative data through 
three main studies (burning regimes study, land use and land cover analysis, and real-
time biomass burning experiments), laboratory processing, and analysis of the results.  
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2.2. Methodology  
The field research conducted in the Katiali region entailed observing local 
burning practices over one year (October 2007-May 2008). In addition, the fieldwork 
involved biomass burning analyses, a land cover study, and real-time carbon monoxide, 
carbon dioxide and fire temperatures measurement experiments (October 2008-May 
2009).  
Biomass burning analysis consisted of two activities: (1) interviewing key 
informants and field trips throughout the region to obtain general knowledge on burning 
practices, and (2) real-time field experiments on burning intensity and combustion 
efficiency in each vegetation type during the early, middle, and late dry season burning 
periods from November 2008 to March 2009.  
The land cover study examined the nature and direction of vegetation change in 
the sudanian savanna landscapes in Côte d‟Ivoire over the period 1970-2009. The 
intensive fieldwork consisted of both qualitative and quantitative studies. The qualitative 
study examined the global structure and the floristic composition of the vegetation, the 
spatial and temporal patterns of vegetation cover throughout the landscapes, and the main 
seed sources for re-vegetation. The quantitative study estimated plant communities‟ 
height and measured the amount of available biomass likely to burn in different 
vegetation classes during fire events. Satellite image interpretation of the study region 
completed the land cover study.  
The real-time carbon monoxide (NO), carbon dioxide (CO2), and fire temperature 
measurement experiments were conducted in different vegetation communities during the 
early, middle, and late dry season burnings using a NOVA Model 376STWP portable 
flue gas analyzer. This device uses replaceable electrochemical oxygen, CO, and NO 
sensors. It also has a solid-state infrared detector for CO2 that is measured instead of 
calculated. The NOVA Model 367STWP portable flue gas analyzer is transportable (10 
lb or 4.5 kilograms) in the field and was easily used. The gas analyzer measures gases in 
the range of 0-2,000 parts per million (ppm) for NO and 0-20% for CO2. The range of 
readings for fire temperature is 0-1800 
o
F (Nova 2008).  
The experimental component of the research required the identification and 
selection of experimental sites throughout the region. The first section of the chapter 
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(Research preparation) discusses the general census conducted in order to choose key 
informants to interview, different sites selected throughout the terroir of Katiali, the 
criteria for site selection and experimental plots delimited in these sites. The second 
section of the chapter (Research methods) discusses research methods used in field as 
well as in the laboratory to collect and analyze data. The section on laboratory data 
processing procedures ends the chapter.  
 
2.2.1. Research preparation 
2.2.1.1. General population census  
At the beginning of the fieldwork, I conducted a census of all the inhabitants 
living in the village of Katiali. The population census was based on a questionnaire 
containing the names of the head of the family, the names of all the household‟s 
members, their age, locality of birth, ethnic group, sex, profession, the number of animals 
owned, the name of the site farmed, the use of fire at that site, the person responsible for 
burning, and burning dates. The information generated by the census provided the total 
number of people living in the village, general information on biomass burning and on 
different actors involved in burning. The census allowed me to choose a representative 
sample of inhabitants to be surveyed throughout the year.  
The choice of the sample was crucial because fire is a sensitive topic in Ivorian 
rural areas due to the anti-burning laws. As result, local people are not always willing to 
answer questions related to burning activities. The Institutional Review Board (IRB) 
research protocols were followed to ensure the privacy and the safety of all informants 
(Appendix B).   
The sample of fifty informants was composed of farmers (Senufo and Jula ethnic 
groups), cattle owners (FulBe, Jula, and Senufo ethnic groups), men, women, hunters and 
herders. Each sample participant was individually contacted to inform him and her about 
their selection before the surveys and interviews commenced. To ensure the 
confidentiality of the informants, a recording identification number was assigned to each 
person participating in the survey.  
The fifty informants were composed of 10 farmers, 10 hunters, 10 cattle owners, 
10 village leaders, and 10 herders. They included men and women of the Senufo, Jula, 
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and FulBé ethnic groups whose farming and livestock rearing activities were spatially 
distributed across the region, and who possessed good knowledge of local burning 
practices. The 10 informants from each socio-professional group were further stratified 
by economic standing. They included wealthy, middle-income and low-income farmers.  
The fifty informants responded to questions about different activities linked to 
fire, periods at which fires are set, different burning practices, reasons for setting fire, 
types of fires, prevention methods, description of the burning cycle, burning history of 
the study area and its land cover change history. Formal and informal group discussions 
were conducted with farmers, hunters, and herders to solicit their perceptions of any 
changes in burning practices and the timing, intensity, and efficiency of burning over the 
past 40 years (Fig. 2.1). 
 
 
 
 
 
 
 
 
Fig. 2.1. Group discussion (A) and interview (B) with key informants 
 
2.2.1.2. Experimental sites  
Field activities required the selection of experimental sites. Field trips were 
conducted to observe the common vegetation types of the Katiali region and to choose 
representative sites relevant for the vegetation dynamics analysis and real-time burning 
experiments. The common vegetation types included croplands, fallow fields, grass 
savannas, shrub savannas, savanna woodlands, dry forests, and gallery forest classes. 
Selected sites contained all the vegetation classes and were easily accessible to the 
research crew. They also were located in area where farming, hunting, and herding took 
place and where resource users usually set bush fires during the dry season. 
A B 
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 Three research sites (Gobohloh, Pkala, and Lèpèhè) that included all the 
vegetation types were selected (Fig. 2.2). The three experimental sites were selected in 
order to avoid the problem of data incompleteness at any one site. 
 
 
Fig. 2.2. Experimental sites of Gobohloh, Lèpèhè and Pkala in the Katiali region 
Source: Landsat 7 TM image of 5/18/2007 
On the image, the red color represents wooded vegetation (Dry forest and gallery forest along 
rivers), the green is grass (grass savanna) and/or a mix of grass and shrub (Shrub savanna and 
fallow field), and blue is human activities (Croplands and villages).  
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The experimental site of Gobohloh is located in the northwest of Katiali (Fig. 
2.2). It is the most wooded area of the region. It is a farming zone for villagers of Katiali 
and Zèrè. Farmers possess cashew and mango plantations in the zone. Gobohloh is also a 
transit zone for cattle that water in the large dam located to the southwest of Katiali. 
Gobohloh also experiences woodcutting for charcoal production and for the local and 
regional informal “wood industry”.  
The site of Lèpèhè is located to the southeast of Katiali (Fig 2.2). Farmers 
originally from Katiali and of some Malian immigrants farm the northern part of the zone 
of Lèpèhè. Farmers originally from Katiali possess orchards in this northern zone. The 
southern part of Lèpèhè is more humid because of the Bandama River and its tributaries. 
Farming is becoming a major land use activity in this southern zone of the village. Cattle 
grazing also constitutes an important land use activity especially for the FulBe cattle, 
because of the existence of the rivers as source of water and tall palatable grasses along 
rivers. Forested areas are exploited for wood products.   
Pkala is located to the north of Katiali between two major rivers (Badénou and 
Bandama rivers) (Fig 2.2). This site is a highly cultivated land especially by immigrants 
from the neighboring M‟Bengué and Korhogo regions, and from Mali. Cattle grazing is 
becoming a very important activity of the local population and especially immigrant 
farmers who are increasingly investing their cotton earnings in cattle. Only a few Katiali 
villagers possess mango and cashew orchards in the zone.    
  
2.2.1.3. Experimental plots 
Three experimental plots of 10 x 10 meter were delimited in each of the six 
vegetation types at Gobohloh, Pkala, and Lèpèhè (Fig. 2.3). In theory, 18 burns should 
take place at each site. In fact, these were 18 burns at Gobohloh, 12 at Lèpèhè, and 15 at 
Pkala. In each site and each vegetation class, one plot was burned during the early dry 
season (From December 24, 2008 to January 5, 2009), the second plot was burned during 
the mid-dry season (From January 29, 2009 to February 5, 2009), and the third plot was 
burned during the late dry season (From March 1, 2009 to March 5, 2009).  
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Fig. 2.3. A 10 m x 10 m plot with the three experimental plots together 
 
2.2.2 Burning regimes study  
The first objective of this research was to understand the trends of burning 
regimes in the sudanian savanna ecosystems of Côte d‟Ivoire. I hypothesize that local 
resource users increasingly set fires during the early dry season and that these early fires 
are less intense and less efficient. To answer the question of how do farmers and herders 
use fire and how have these practices changed over the past forty years, the burning 
regimes study examined burning practices in Katiali during different dry season periods 
and their effects on burning intensity and combustion efficiency.  
 
2.2.2.1. Study of fire perceptions and practices  
This study examined specific burning practices, inventoried different resource 
users involved in burning, and recorded their motivations to burn at certain times and 
places.  
Information on burning practices and conditions were obtained from two 
interviews with 40 informants, weather station data recording, and GPS recording of the 
location of burning sites. The additional 10 herders interviewed only once (April 4-7, 
2008) were also asked to provide their perspectives on the biomass burning issue in the 
Katiali region. The questions asked to them were composed of the combination of the 
questions asked to the 40 informants during the first and second interviews in December 
2007 and March 2008, respectively.   
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In December 2007, I collected general information on farming, hunting, and 
pastoral (herding) practices prevailing in the region. Informants were asked to describe 
agricultural activities in their zones before, during, and after the survey period. 
Informants were also asked questions about burning practices in their zones such as 
different uses of fire by farmers, herders, and hunters, if they protect their farms from 
fires and how they protect them.  
Regarding burning periods and their effects on burning intensity and combustion 
efficiency, questions were asked on fire in the farming zones such as: Did the zone burn 
every year? Did the informants observe burning during the previous year? When was the 
last time the area was burned? Questions were also asked about when the burning season 
would begin in the zone for that year? Informants were asked to cite some good benefits 
and negative consequences of burning in general and during the early dry season in 
particular. 
The second set of interviews was conducted in March 2008 with the same 40 key 
informants. Questions focused on farming, pastoral, and hunting activities in their zones 
since the last interview (December 2007). Informants were asked to indicate if their zone 
of activity burned and if the burning was still continuing in their zones, who set fires, and 
for what reasons. If burning had stopped, they were asked since when burning had 
stopped and why. Informants were also asked to discuss the burning regimes of their zone 
of activity. For this purpose, they were asked to tell which places of the landscape 
(lateritic plateaus, lowland, fields, and patches around rivers, swampy areas) are burned 
and in what order, who burned them, and during which period of the dry season the 
places burned?  
During the research period, grasses started to dry after the rains stopped in 
November. However, bush fires dramatically increased in January and February instead 
of in December. Informants were asked why bush fires did not dramatically increase in 
number until the beginning of January. They were asked to describe the intensity of bush 
fires in general in the region and in their zone in particular and then to compare the 
current fire intensity to that before the rebellion (when Water and Forestry agents were 
present) and when they were young, and why burning practices had changed if at all. 
Informants were also posed questions related to burning efficiency. They were asked if 
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the bush had burned well that year or not, what they understand by “well burned”, and 
what accounts for “burning efficiency”. Questions were pushed on how the bush burned 
when they were young and how burning efficiency varies from the beginning, middle and 
late dry seasons. 
Climate data for this research were collected from two sources. Daily and 
monthly rainfall data were collected from the cotton company Ivoire Coton in Niofoin for 
the period of 1976-2006. During the fieldwork, a DAVIS Instruments portable weather 
station device (Vandage Pro2) was used to collect hourly and daily rainfall, relative air 
humidity, relative air temperature, and wind speed data during the period of November 
2007 to mid-May 2009 (Fig. 2.4). These data collected provide sufficient information to 
analyze the length of the dry season, the onset and the cessation of the burning seasons 
over the last forty years. The daily and hourly information generated are also useful to 
capture weather conditions during which burnings occurred.  
 
 
 
 
 
 
 
 
 
 
Fig. 2.4. The Davis instrument weather station and Vandage Pro2 used in field to collect climate 
variables during the fieldwork.   
 
Field trips were conducted to locate and observe burned areas, and to record the 
geographic coordinates of these locations using a Global Positioning System (GPS) 
device. Informants provided information on dates and times of fire ignition, who set these 
fires and the reasons for burning. I also recorded the vegetation types burned, burning 
intensities and efficiencies. These data are useful for the burning regimes analysis and for 
satellite image analysis as ground control samples.  
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2.2.2.2 Burning regimes analysis 
Burning regimes analysis consisted of field experiments on fire intensity and 
combustion efficiency by dry season period and by vegetation type during the 2008-2009 
entire dry season. The objective was to examine the trends of burning regimes in different 
savanna landscapes throughout the dry season.  
Information on timing of biomass burning was collected during the general census 
during focus group discussions, and during interviews with key informants. This 
information was completed by data collected during field experiments. Remote sensing 
also provided information on the spatio-temporal distribution of burning. The satellite 
image interpretation was based on Landsat 7 fine resolution (30 meters) images. Different 
burning maps provide information on the early, middle, and late burning seasons. 
Fire intensities were measured using the NOVA 376STWP portable gas analyzer 
(Fig. 2.5). The instrument has the potential to measure temperatures from 0 to 1800 
o
F. 
We recorded fire temperatures during early, middle, and late dry season real-time 
experiments. Local observations on burning intensity over the last forty years were 
collected during informant interviews.  
 
 
 
 
 
 
 
 
Fig. 2.5. Materials used during the real-time greenhouse gas measurement 
 
Burning efficiencies were estimated for different types of vegetation (fallow field, 
grass savanna, shrub savanna, savanna woodland, dry forest, and gallery forest) and for 
different burning periods (early, middle, and late dry seasons) in experimental plots based 
on field data. The knowledge of burning regimes furthered our understanding of land 
cover changes in the study region.  
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2.2.3. Land cover analysis 
The second hypothesis of the study is that new burning regimes are contributing to a 
more wooded landscape in the Ivorian sudanian savanna. The shift in the timing of biomass 
burning from the middle and late dry season to early dry season refashions the savanna 
ecosystems into burned and unburned patches. Our objective in this land cover study was to 
examine the nature and the direction of land cover dynamic in the sudanian savanna over the 
period 1970-2009 under new burning regime conditions. The study required an intensive 
fieldwork and satellite image interpretation.  
 
2.2.3.1 Fieldwork 
I recorded the history of vegetation change in the region during surveys and group 
discussions and analyzed the vegetation cover in experimental plots. Informants were 
asked to describe the vegetation of their farming zones (age of fallow fields, local names 
of trees and grasses, and what they mean in terms of “good” or “bad” soils). They were 
also asked to provide reasons for choosing their zones of activity and to indicate the soil 
and vegetation criteria they used to choose farming and grazing locations.  
Informants were also asked to provide their perspectives on the dynamic of 
grasses and trees in the Katiali region. They were asked to compare the vegetation they 
encountered when they were young or when they first arrived in Katiali to the current 
vegetation. Specific questions focused on tree and grass types, and their height, 
distribution and ratios. They were also asked to indicate the flammability of different 
grasses, and the appearance of new tree and grass species in the region.   
The fieldwork also consisted of a qualitative study that examined the global 
structure and the floristic composition of the vegetation and of a quantitative study that 
measured the biomass production. Plant communities were described and the load of fuel 
likely to burn was estimated.  
Transect walks were undertaken with local people to gain their historical 
understanding of vegetation dynamics. Questions consisted of describing the current 
vegetation, comparing the current vegetation to that of forty years ago, explaining the 
causes of the vegetation dynamic, identifying different vegetation types, plant 
communities, and ages of fallows. 
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The Global Positioning Systems (GPS) device (Garmin 12) was used to locate and 
record geographic coordinates of different types of vegetation and burn scars useful as 
ground control points during satellite image analysis. 
 
2.2.3.2 Satellite image interpretation   
The main goals of the satellite image interpretation were to analyze the trends in 
land cover and to make land cover change maps for the study region between 1970 and 
2009 using images of Landsat fine spatial resolutions of 30 meters captured every five to 
ten years. However, useful satellite images capable of conducting the land cover change 
analysis were not available. The satellite image interpretation thus resulted in making a 
land cover map. Different vegetation classes considered are cropland, fallow fields, grass 
savanna, shrub savanna, savanna woodland, dry forest, and gallery forest. Different steps 
and approaches used are described in the remote sensing section below. 
 
2.2.4. Biomass burning and greenhouse gas emissions study 
The third hypothesis states that the West African biomass burning gas 
contribution is not as high as believed because changing burning regimes and land cover 
changes result in fewer greenhouse gas and aerosol emissions. The research aimed to 
generate accurate parameters such as biomass load, burning efficiency, and area burnt 
used to estimate greenhouse gas emissions by type of vegetation and burning period, and 
to assess the contribution of biomass burning at the local and regional scales. 
Concentrations of carbon monoxide and carbon dioxide were measured in the 
experimental plots while total emissions for the Katiali region were estimated during the 
data processing period using the IPCC equation (IPCC 2003: 3.49). 
 
2.2.4.1. Estimate of the emission equation parameters 
The concentration of CO and CO2 emitted during the entire 2006-2007 dry season 
periods were estimated. The reason for choosing the entire 2006-2007 dry season periods 
is the availability of satellite images used to calculate areas burned for each dry season 
period. In addition, this date 2006-2007 is closer in terms of time period to the research 
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period (2007-2009). Therefore, data collected during the 2008-2009 burning season is 
applicable to 2006-2007 dry season.  
In order to estimate the amount of CO and CO2 emitted during the entire 2006-
2007 burning season at the local and regional levels, we used the following IPCC 
equation (IPCC 2003: 3.49): 
 
 
 
In which:  
- Emission is the gas or aerosol flux in tons (t) 
- Area is the total area burnt in hectare (ha) 
- Fuel load is the amount of burnt biomass in tons per hectare (tons/ha).  
- Burning completeness is the fraction of fuel burnt in percent (%) 
- Emission factor of a gas is the amount of this gas generated when one kilogram of fuel 
is burnt.  
 
2.2.4.1.1 Areas burnt  
Areas burned were estimated based on the processing of Landsat TM fine spatial 
resolution (30-meter) images covering the region and the entire 2006-2007 dry season 
period. Areas burnt were generated for each vegetation type and dry season period.  
 
2.2.4.1.2 Fuel types and load 
Fuel load likely to burn is diversely defined in the environmental and climate 
science literature. First, fuel load of biomass that burns is identified as biomass density 
(Liousse et al. 2004; Atul et al. 2006). In doing so, fuel load estimated and used in 
equations is greater than fuel load that burns in reality. Second, fuel load is defined as 
available grass biomass (Gillon 1983; Vlek 2005; Monnier 1968). When identified to the 
available grass biomass, the fuel load does not encompass other types of fuel (leaves, 
branches, dead wood, cattle dung, litter) that burn. Therefore, the estimate of fuel load is 
based on an erroneous or inadequate definition of vegetation and fuel types that usually 
Emission = Area * Fuel * Completeness * Emission Factor*10-3
 
 tons          ha    tons/ha     %                      g.kg-1 
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burn. In addition, fuel load is derived from remote sensing of coarse spatial resolution, 
which aggregates vegetation types and cannot differentiate fuel types. Estimates of fuel 
load are also based on algorithm and models. Different methods used so far overestimate 
the load of fuel likely to burn in an event of bush fire (Liousse et al. 2004; Vlek 2005; 
Atul et al. 2006).  
The method used during the fieldwork consisted in inventorying and weighting 
fuel load likely to burn when fire is set to the bush. Measurements were made in each 
vegetation type encountered in the sudanian savanna zone.  
Biomass load measurement was conducted in the middle dry season period 
because during the middle dry season, the maximum available fuel load corresponds to 
the total biomass at the end of the vegetative cycle and is very dry. To measure the 
available biomass, three quadrats of 1 x 1 meter were delineated in each 10 x 10 m plot 
based on the criteria of available fuel load. Quadrat 1 was located in the highest biomass 
load. Quadrat 2 was located in the average available biomass load and quadrat 3 
encompassed the lowest available biomass load. Fuel types likely to burn in case of bush 
fires were separated into grasses, leaves, woods, branches, barks, stems, fruits, and litter. 
Small parts of fuels that could not be separated were classified as a mixture of different 
fuels. They were then immediately weighed using an electronic balance (Fig. 2.6).  
 
 
 
 
 
 
 
 
 
 
Fig 2.6. The electronic balance was used in field to measure biomass load in different vegetation 
communities. The electronic balance is very accurate and has a gradation of 1 gram. 
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2.2.4.1.3. Burning efficiency 
Burning efficiency is a critical parameter for the calculation of the amount of 
greenhouse gas emission from biomass burning. The combustion efficiency was 
generated from field descriptions of the combustion during and after real-time biomass 
burning experiments.  
The method I hoped to use in field consisted in estimating biomass load before 
and after burning experiments and to derive the combustion efficiency from the unburned 
biomass load. This approach was not operational for several reasons. Biomass load in the 
early and late dry season contains some water that cannot be separated from the dry 
biomass in really burning condition. Fuel load during these periods may not be accurate 
because of the weight of water. The approach was not feasible in the middle dry season 
because after burning it is difficult to weigh woody materials and cattle dung still burning 
(smoldering stage). This approach was abandoned and replaced by description of the 
process of biomass burning and assigning coefficients to the biomass load that did not 
burn. The description also took into account the height of fire flame during biomass 
burning and the speed of burning. Burning efficiency of experimental plots as well as 
landscapes burned by local people was described using field notes and pictures taken 
during the fieldwork. Burning efficiencies were estimated by vegetation community and 
by dry season period and divided into three categories:  
 
- Burning is not efficient (0% - 49%) means that between 0% and 49% of the available 
fuel burned for several reasons: some types of grasses are not flammable when standing; 
the wind speed is too low to sustain intense and efficient burning; after 4:00 pm the air 
cools and the humidity increases; there are lot of fresh grasses and fresh leaves in the 
experimental plot; grasses are not dry enough in continuous layers to efficiently burn; 
living creepers exist in the plot. There are lot of incompletely consumed grasses, leaves, 
dead and dry woods and branches in plots that do not efficiently burn. Seedlings and 
shrubs are stressed by fire temperature but are more likely to continue their vegetative 
growth. The height of fire is very low.  
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- Burning is efficient (50% - 89%) means that between 50% and 89% of the available fuel 
(dry and fresh leaves, dry and fresh grasses, dead woods, dry branches, barks, fruits of 
trees and grasses) burns. Burning is more intense and more efficient in this category than 
in the first category. There are still some unburned fuels for several reasons: fresh grasses 
do not burn well because of their water content; lots of leaves do not burn because they 
are still fresh and they do not yet constitute a continuous layer, which could be ignited by 
approaching flames. The main characteristic for this category is that tree and shrub 
seedlings of the beginning of the burning are stressed (because burning is less intense at 
that time) and those of the end of the burning are burned because of highly intense 
burning due to the increase of wind speed. Those seedlings burned in part do not continue 
their development anymore and no other seedlings re-grow in the same place.  
 
- Burning is very efficient (90% - 100%) means between 90% and all the available fuel 
burned quickly after fire ignition. Only a small portion of the fuel load does not burn. 
 
2.2.4.1.4. Emission factors 
Emission factors (EF) cannot be calculated from direct concentration 
measurement of gases in smoke plumes. Emission factors are derived from emission 
ratios (ER) using the carbon mass balance method and could not be calculated during 
field measurements. Scholes (1995)‟s emission factors (See Chapter 5) are used to 
calculate the total emissions of CO and CO2 because these data compared to others seem 
to be the most appropriate. The method (A fire-Activated Sampling System (FASS) used 
to measure the gas concentrations just above the flame zone over the entire duration of a 
passing flame front) applied to calculate is believed to also be applicable to West Africa 
and other tropical regions that are subject to frequent and extensive burnings without 
recalibration of the predictive equations (Scholes 1995). The results also are diversified 
from different vegetation classes than just forests/savannas estimates. The IPCC emission 
factors are default data that are neither accurate nor appropriate (Scholes 1995; IPCC 
2003; IPCC 2006).  Delmas et al. (1995) is Lamto research station based emission factors 
(for the Guinean savanna) that do not capture the reality of the sudanian savanna zone.  
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2.2.4.1.5 Real-time CO and CO2 measurement experiments 
The concentration of two gases, carbon monoxide (CO) and carbon dioxide (CO2) 
were measured during the early, middle, and late dry season in the 10 m x 10 m 
experimental plots in the six vegetation types (Fig 2.3).  
Fire ignition in different experimental plots was mainly based on local fire 
ignition information in order to reflect local burning practices. Thus, fire was set at any 
time of the day between 8:00 am and 6:00 pm using long grass biomass in order to 
rapidly ensure linear ignition (Fig. 2.7). Fire was also set either in the same direction or in 
the opposite direction of the wind in order to control the burning process.   
 
 
 
 
 
 
 
 
Fig. 2.7. Process of fire ignition in the grass savanna in Lèpèhè during biomass burning 
experiments in the early dry season period. The linear ignition of the plot was always ensured 
during the ignition. 
 
Biomass dryness, load, and spatial arrangement were taken into account during 
the choice of experimental plots to burn in the early, middle, and late dry season. The 
times of the start of ignition of fire and the end of fire fronts were recorded using the 
GPS‟ clock. Wind speed and direction were considered when setting fire. During high 
wind speed periods, the opposite side of the wind was chosen to ignite fire and during the 
low wind speed, fire was set in the same direction with the wind. In doing so, burning 
was controlled to ensure the collection of maximum carbon monoxide, carbon dioxide, 
and fire temperature data during the experiments.  
Fuel arrangement was also taken into account in the choice of plot to burn during 
each period. Plots with more available biomass load and continuous spatial arrangement 
were chosen in the early dry season burnings because the biomass during the early dry 
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season still has high water content and may not burn if the biomass is insufficient and if 
spatial continuity is not ensured. Plots with less biomass load and less continuous spatial 
arrangement of fuel were burned in the middle the dry season period because during that 
period, very dry fuels and high wind speeds ensure high burning intensity and efficiency.   
Fire behavior parameters (rate of spread or speed of burning, combustion 
efficiency, burning intensity, and flame height) were assessed. The rate of spread of fire 
was determined by recording the time the fire front took to reach the opposite side of the 
10-meter plot. It is derived from the time recorded during the burning experiments. The 
burning efficiency, burning intensity, and flame height were visually estimated.   
During the burning experiments, different times were recorded. First the time of 
the day, second the beginning of the burning, the arrival of different fire fronts, and the 
end of burn. 
The concentration of carbon monoxide and carbon dioxide in parts per million 
(ppm) or in percentage (%), and fire temperatures in degree Fahrenheit (
o
F) were 
measured using NOVA Model 376STWP gas analyzer. The probe of the gas analyzer 
was placed at a distance of about 20 centimeters or less from the flames to ensure the 
high quality recording of gases and temperatures from the plumes (Fig. 2.8). Gas 
emissions and temperature data for each burning experiment are used in the data analysis.  
 
 
 
 
 
 
 
 
Fig. 2.8. Position of the probe during burning experiments 
 
2.2.5. Data processing in laboratory 
The laboratory processing of data collected in field and satellite images 
interpretation were undertaken in the laboratory of the department of Geography at the 
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University of Illinois at Urbana-Champaign. Excel software was used to make tables and 
graphs. SPSS version 18 was used to perform statistical tests and generate several tables. 
Erdas Imagine 9 software package was used to interpret Landsat images, produce several 
maps, and assess the accuracy of the land cover map. ArcMap versions 9 and 10 in the 
ArcGIS package and MapViewer 6 were used to produce several final maps. 
 
2.2.5.1. Statistical analysis of CO and CO2 data  
The Statistical Package for Social Science (SPSS) version 18, also called 
Predictive Analytics SoftWare (PASW) Statistics 18, was used to conduct the statistical 
analysis of the CO and CO2 data collected in experimental plots.  
Research questions driving the statistical analysis are threefold: (1) Are the 
number of readings of CO and CO2 collected in field by vegetation type and by burning 
period valid for the tests and analyses? (2) Does the mean change in the emissions differ 
significantly by vegetation type and burning period? (3) In terms of gas emissions, is 
there a relationship between vegetation type and burning period? 
The data set used during the statistical analysis is based on the readings of CO and 
CO2 measured in experimental plots by vegetation type and by dry season period during 
the fieldwork in the Katiali region over the 2008-2009 entire dry season. The first 
independent variable (the vegetation type factor) includes six levels (fallow field, grass 
savanna, shrub savanna, savanna woodland, dry forest, and gallery forest) while the 
second independent variable has three levels (early, middle, and late dry season periods). 
The dependent variables used are CO and CO2 measured in experimental plots.  
A Frequencies procedure was performed to determine the number of readings, 
minimum value, maximum value, mean, and standard deviation for each independent 
variable and category. The test results show that the sample size of readings for each 
vegetation type and burning period is well above the required sample size of 30 and is 
sufficient to yield valid results and that the means and the standard deviations of CO as 
well as CO2 differ by vegetation type and burning period (Appendices C & D). 
A Univariate Analysis of Variance (one-way ANOVA) test was performed to 
assess the relationship between the production of gas emissions, vegetation type, and 
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burning period. The results of the means, standard deviations, the one-way ANOVA F 
test, and the homogeneity test are shown in Appendices C & D.  
The tables labeled Tests of Between-Subjects Effect show that the overall 
Analysis-of-Variance (ANOVA) was significant (F(5, 3499) = 85.46 and p < .001 for CO 
and (F(5, 3365) = 62.98 and p < .001 for CO2) (Appendices C & D). Because p-values (p) 
are less than .05, the null hypothesis that there are no differences among groups was 
rejected. 
Because the overall F test was significant and the independent factors have more 
than two levels (vegetation type has six levels and burning period has 3 levels), follow-up 
tests were conducted to evaluate pairwise differences among the means. Standard 
deviations range from 2003.66 to 4822.01 for CO and from 8930.91 to 15590.467. 
Therefore, it was chosen not to assume that the variances (Standard deviations squared) 
were homogeneous and post hoc multiple comparisons using Dunnett‟s C test, a test that 
does not assume equal variances among groups was conducted (Green et al. 1997).  
Overall, the results of the one-way ANOVA supported the hypothesis that there is 
a relationship between greenhouse gas emissions, vegetation types, and burning periods. 
Different tabular representations of the results are in the Appendices C & D.  
 
2.2.5.2. Remote sensing 
Most studies on biomass burning and emissions are carried out at continental and 
global levels using time series of satellite images with coarse spatial resolution such as 
MODIS 1 kilometer spatial resolution (Kaufman et al. 1989; Liousse et al. 2004; Dolidon 
2005; Jain et al. 2006). However, such studies cannot fully measure the amount of gases 
and aerosols because the coarse spatial resolution of satellite imagery does not allow for 
detecting and measuring emissions from small fires. In addition, continental and global 
scale studies do not differentiate different savanna communities (Laris 2002, 2005; 
Dolidon 2005). Parameters commonly used in climate change models such as combustion 
efficiency, emission factors, and fuel types and load burned require data based on 
different types of savanna at the local and regional scales. Finally, remote sensing is 
increasingly used to make analysis on monthly, seasonal (wet season versus dry season), 
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and annual basis. It is less used to detect and measure areas burnt during different burning 
periods within a single dry season.  
The study was conducted at the local and regional levels based on field studies 
and the analysis of Landsat 7 Thematic Mapper (TM) of 30 meters images. The 
objectives of satellite image interpretation were to make the land cover and burnt area 
maps of the study region, and to estimate areas burned by vegetation category and by 
burning period.  
 
2.2.5.2.1. Image selection 
Multi-date and multi-season images were used during the satellite image 
interpretation. A total number of 7 images were selected for the land cover mapping (2 
images) and for the burned areas mapping and calculations (5 images) during the early, 
middle, and late dry season biomass burning (Table 2.1).  
The two images used for the land cover mapping were captured at the end of the 
rainy season on November 23, 2006 and at the beginning of the rainy season on May 18, 
2007 (Table 2.1). To make the burned areas maps by dry season, I selected two images 
that cover the early dry season, two images that cover the middle dry season, and 1 image 
at the end of the dry season (Table 2.1).  
 
Table 2.1. Date of acquisition and sensors of satellite images selected for the land cover 
and burned areas mapping  
 
 Date  Landsat satellite  Season  Purpose 
 11/23/2006  L7  Early dry season  Land cover and burned area maps 
 1/10/2007  L7  Early dry season  Burned areas and map  
 2/11/2007  L7  Middle dry season  Burned areas and map 
 2/27/2007  L7  Middle dry season  Burned areas and map 
 3/15/2007  L7  Late dry season  Burned areas and map 
 5/18/2007  L7  Early rainy season  Land cover areas and map 
 
The major constraint during the image selection process was the problem of 
availability of images useful for the study needs. For instance, one of our goals was to 
show the land cover change maps for every ten years during the period 1970-2009. These 
maps are very important in showing the spatial distribution of the change by vegetation 
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type that took place over the last 40 years. This goal could not be achieved because of the 
lack of satellite images. Another constraint was the use of satellite images, which date of 
capture does not exactly coincide with the onset and the end different periods of burning.   
The next step consisted in stacking the six bands (Blue, green, red, NIR, MID 1, 
and MIR 2) of each set of images together and to subset the Katiali region. The thermal 
infrared band (10.40-12.50 um) was not used because this band has a spatial resolution of 
60 meters instead of 30 meters (Table 2.2).   
 
Table 2.2. Different wavebands used 
 
 Band #  Band names  Wavebands (um)  Spatial resolution (m) 
 1  Blue  0.45-0.52  30 
 2  Green  0.52-0.60  30 
 3  Red  0.63-0.69  30 
 4  Near-infrared (NIR)  0.76-0.90  30 
 5  Middle infrared (MIR) 1.55-1.75  30 
 7  Middle infrared (MIR) 2.08-2.35  30 
 
2.2.5.2.2. Satellite image quality assurance  
Landsat 7 Thematic Mapper (TM) measures the amount of energy that is reflected 
in specific wavebands and provides an overall brightness value. Satellite image quality 
assurance consisted in checking possible errors from Landsat satellite system or from 
humans to ensure accurate measurement and valid analysis (Hellrung 2006).  
The first step of the image quality assurance was to determine if the images are 
georeferenced accurately within a single pixel. Many complications can occur while the 
sensor is in motion. These complications include issues with flying altitude and sensor 
deviation from the primary focus plane and images not geometrically corrected will 
adversely affect the analysis of change (Hellrung 2006). The files named “text” 
associated with different bands of the images were opened and inspected. The control 
shows that all the images used were correctly georeferenced.  
Banding is another potential concern with the satellite image and is due to the 
variation of the spectral responses of the detectors of a sensor (Hellrung 2006). The co-
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registration of each band and each image was inspected to determine if there is a stripe 
pattern in the image that could potentially create artifacts in the principal component 
analysis (PCA). The PCA highlights and intensifies patterns within the data. This process 
may cause misclassification of land cover if noticeable banding is present in the image 
(Hellrung 2006).  
 
2.2.5.2.3. Image classification approach  
The software system used during the satellite image interpretation is Erdas 
Imagine and the classification approach consisted first in running Principal Component 
Analysis (PCA) on the subset images and in reducing variables to the first meaningful 
components (Appendix E).  
Principal Component Analysis (PCA) is a variable reduction procedure useful 
when working with a data that contains a large number of variables, and it is believed that 
there is some redundancy in those variables. Redundancy means that some of the 
variables are correlated with one another, possibly because they are measuring the same 
construct. Because of this redundancy, it should be possible to reduce the observed 
variables into a smaller number of principal components (artificial variables) that will 
account for most of the variance in the observed variables (Byrne et al. 1980; Eklund and 
Signh 1993; Holden and LeDrew 1998; Lindsay 2002).  
Technically, a principal component can be defined as a linear combination of 
optimally weighted observed variables. „Linear combination” refers to the fact that scores 
on a component are created by adding together scores on the observed variables being 
analyzed. And “optimally weighted” refers to the fact that the observed variables are 
weighted in such a way that the resulting components account for a maximal amount of 
variance in the data set (Byrne et al. 1980; Eklund and Singh 1993; Lindsay 2002).  
A type of equation called eigenequation produces the weights (Lindsay 2002). 
The weights produced by these eigenequations are optimal weights in the sense that, for a 
given set of data, no other set of weights could produce a set of components that are more 
successful in accounting for variance in the observed variables. The weights are created 
so as to satisfy a principle of least squares similar (but not identical) to the principle of 
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least squares used in multiple regressions (Byrne et al. 1980; Eklund and Singh 1993; 
Holden and LeDrew 1998; Lindsay 2002). 
Erdas Imagine version 9.2 was used to perform PCA and 12 orthogonal 
(uncorrelated) eigenvectors or components were obtained (Appendix E).  
Matrices and tables of eigenvalues show that the first eigenvector (total 
brightness) accounts for a large amount of the total variance with the highest eigenvalue. 
The second eigenvector (total greenness) accounts for second highest value of the total 
eigenvalues. The third eigenvector (Vigor 1) carries the third highest value of the total 
variance while the fourth eigenvector (Vigor 2) carries only the fourth value of the total 
weight of the eigenvalues, and so on (Eklund and Singh 1993; Holden and LeDrew 
1998). As we move from component 1 to component 12, eigenvalues decrease and the 
associated noises in components become more apparent (Fig. 2.9).  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.9. Land cover image using 12 bands (A), PCA 1 (B), and PCA 12 (C). As we move from 
PCA 1 to PCA 12, the noise becomes more apparent (PCA 12) 
 
Source: Landsat images of November 23, 2006 and May 18, 2007  
 
The choice of meaningful components is based on the combination of several 
criteria: the eigenvalue-one, the proportion of variance accounted for, and the 
interpretability criteria (Byrne et al. 1980; Eklund and Singh 1993; Lindsay 2002).  
In the eigenvalue-one criterion approach, it is retained and interpreted any 
component with an eigenvalue greater than 1.00. The rationale is that each observed 
A C B 
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variable contributes one unit of variance to the total variance in the data set. Any 
component that displays an eigenvalue greater than 1.00 is accounting for a greater 
amount of variance than had been contributed by one variable. Such a component is 
therefore accounting for a meaningful amount of variance, and is worthy of being 
retained (Anonymous n.d.).  
The proportion of variance accounted for criterion involves retaining a component 
if it accounts for a specified proportion (%) of variance in the data set (Anonymous n.d.).  
The interpretability is perhaps the most important criterion. It consists of 
interpreting the substantive meaning of the retained components and verifying that this 
interpretation makes sense in terms of what is known about the constructs under 
investigation. There are four rules to do this. (1) Are there at least three variables (items) 
with significant loadings on each retained component? (2) Do the variables that load on a 
given component share the same conceptual meaning? (3) Do the variables that load on 
different components seem to be measuring different constructs? And (4) does the 
rotating factor pattern demonstrate “simple structure”? Simple structure means that the 
pattern possesses two characteristics: (a) Most of the variables have relatively high factor 
loadings on only one component, and near zero loadings on the other components, and 
(b) most components have relatively high factor loadings for some variables, and near-
zero loadings for the remaining variables (Anonymous n.d.). 
The first four “meaningful” components were selected for the image interpretation 
(Appendix E). They account for 96.70% (land cover map), 96.97% (early dry season), 
98.89% (middle dry season), and 98.61% (First three components for the late dry season).  
An example of the application of these criteria (to the land cover map PCA) is 
described below. Based on the eigenvalue one criterion, only it could be chosen 
components 1-10 (Appendix E). However, components 5-10 present some noise when 
displayed. The application of the second criterion shows that only components 1 to 4 
individually account for large amount of the total variance and do not contain noise. It is 
then decided to keep these four components that account for 96.7% of the total variance. 
In addition, these four components are the most interpretable of the 12 components using 
the factor pattern matrix (Appendix E).  
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The rows of the factor pattern matrix represent the variables being analyzed (blue, 
green, red, NIR, MIR 1, MIR2 for November 23, 2006 image and bands blue, green, red, 
NIR, MIR 1, MIR2 for May 18, 2007 image) and the columns represent components 
(components 1-12). The entries of the matrix are factor loadings. A factor loading is a 
general term for a coefficient that appears in a factor pattern matrix. Component 1 is 
correlated with brightness in the middle infrared channels 5 (0.58), 6 (0.35), 11 (0.52), 12 
(0.37) and is responsible for 76.23% of the variance. This component is a measure of the 
total brightness in the infrared channels (Eklund and Singh 1993; Holden and LeDrew 
1998).  
Component 2 is highly correlated with the greenness in MIR 1 (0.58) and MIR 2 
(0.30) for November 23, 2006 image and in MIR 1 (-0.50) and MIR 2 (-0.42) for May 18, 
2007 image. Factor loadings for MIR 1 & 2 of the November 23, 2006 image have 
positive values and factor loadings for MIR 1 & 2 for the May 18, 2007 image have 
negative values. Both axes have opposite directions. 
Component 3 and 4 are correlated with vigor in NIR (-0.55 & -0.79) for the image 
of November 23, 2006 and in NIR (-0.76 & 0.52) for the May 18, 2007 image. 
Component 4 has reverse signs -/+ in NIR for the two images.  
For the May 18, 2007 image, factor loadings of component 1 and component 2 
have opposite signs in NIR (C1 = -0.11 and C2 = 0.22), MIR 1 (C1 = 0.52, and C2= -
0.50), and MIR 2 (C1 = 0.37 and C2 = -0.42). Also for the image of May 18, 2007, 
Component 3 and 4 have opposite signs for all the six bands ((blue C3 = -0.06 & C4 = 
0.0), green (C3 = -0.07 & C4 = 0.04), red (C3 = 0.04 & C4 = -0.05), NIR (C3 = -0.76 & 
C4 = 0.52), MIR 1 (C3 = -0.28 and C4 = 0.20), and MIR2 (C3 = 0.01 & C4 = -0.06)).  
The opposite signs +/- may suggest different seasons (rainy versus dry seasons) at 
which images were captured. They also express differences in absorption and reflectance 
in visible, NIR, and MIR during the two contrasting seasons.  
After running the PCA and choosing the most meaningful components, the 
unsupervised clustering, the Iterative Self-Organizing Data Analysis Technique 
(ISODATA) algorithm (supervised classification), and the maximum likelihood as 
parametric rule were performed on the selected top four meaningful components to 
produce 255 spectral classes that were finally grouped into nine land cover categories for 
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the land cover map (Human activities (Croplands and villages), water, fallow field, grass 
savanna, shrub savanna, savanna woodlands, dry forest, gallery forest) and three land 
cover categories for the burned areas maps (Water, no burning, burning).   
 
2.2.5.2.4. Accuracy assessment 
The quantitative accuracy assessment of the land cover map completed the 
classification procedure. The accuracy of the burning maps was not assessed because the 
images used for the study were captured between October 2006 and May 2007 while the 
fieldwork was carried out between October 2007 and May 2009. The ground tuthing data 
(GPS coordinates or aerial photos) collected during the research period cannot be used to 
assess the accuracy of the burning maps because the two periods do not match.  
The purpose of the quantitative accuracy assessment is to identify and measure 
map errors. This step objectively quantifies and clearly communicates existing limitations 
of the map to the users who make informed decisions on whether and how to use land 
cover products (Latifovic and Olthof 2004). In addition, it can help improve the quality of 
the map by identifying and correcting sources of errors, which can stem from anywhere 
between sensor error in data acquisition to the image processing and the interpretation 
errors by the analyst (Congalton and Green 1999; IPCC 2003, Latifovic and Olthof 2004) 
The accuracy of the land cover classification was assessd through the building and 
interpretation of the classification error matrix. The error matrix, also called confusion 
matrix or contingency table, compares information from the classified land cover map to 
known reference (“truth”) sites (Card 1982; Congalton 1991; Congalton and Green 1999). 
The error matrix is a quantitative measure of the overall accuracy of the classification 
derived as well as the measure of the accuracy of each individual vegetation class 
(Congalton and Green 1999). In addition, the error matrix describes error inclusion 
(commission errors) and exclusion (omission errors).  
Error of commission is also called producer's accuracy. Error of commission 
indicates pixels that were placed in a given class when they actually belong to another. Error 
of omission or user's accuracy is the percentage of pixels that should have been put into a 
given class but were not (Cohen et al. 1996; Congalton et al. 1983).  
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The GPS coordinates of 277 reference sites unevenly distributed across different 
vegetation categories were used to perform the accuracy assessment. These GPS points 
were recorded throughout the Katiali region during field missions. 
The results of the accuracy assessment for the land cover map are in Appendix F. 
They are composed of the error matrix (Table 1), the overall classification accuracy, 
percentage of omission and commission error by category (Table 2), and the Kappa 
coefficient (Table 3). The Kappa coefficient is an index that relays the classification accuracy 
after adjustment for chance agreement. 
 
2.2.5.2.5. Results 
The outcomes of the interpretation of satellite images consist in a land cover map 
and burned area map for the early, middle, and late dry season. Total areas by land cover 
category as well as total areas burned by vegetation type and by dry season period were 
also generated.  
 
2.2.5.3. Other software systems used  
ArcMap version 9.3 of the ArcGIS version 9 and MapViewer 6 were used to 
make final maps. In addition, Excel and SPSS version 18 were used to organize data into 
tables and graphs for different analyses.  
 
Conclusion 
The research used multiple methods to answer the research questions and 
hypotheses structuring the study. The research preparation set the ground for the 
intensive fieldwork conducted during two entire dry seasons (October 2007-May 2008 
and October 2008-May 2009) in the Katiali region of northern Côte d‟Ivoire. The 
research methods used include household surveys, participant observation, vegetation 
analysis, and real-time gas measurements in experimental plots. Data and information 
collected during the fieldwork were processed, interpreted and analyzed at the University 
of Illinois to generate maps, statistics, and graphs. The results of the research are 
presented in the following chapters.  
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CHAPTER 3: THE BURNING REGIMES STUDY  
Introduction 
This chapter presents and discusses the results of the burning regimes component 
of the research in the Katiali region and its effects. Subsequent chapters focus on the land 
cover analysis (Chapter 4), and the contribution of the sudanian savanna to global 
greenhouse gas emissions (Chapter 5).  
Biomass burning is defined as the combustion of living and dead vegetation 
serving a variety of land-use management goals, including the clearing of forests and 
savannas for agricultural, hunting, and grazing use; shifting agriculture practices; the 
control of grass, weeds, and litter on grazing lands; and the elimination of stubble and 
waste on agricultural lands after harvest (Monnier 1968; Crutzen and Andreae 1990; 
Levine et al. 1999; NASA 2005). The two sources of biomass burning are natural and 
anthropogenic. Natural fires include lightning, volcanic and fermentation induced fires 
while anthropogenic sources are human-induced fires and account for 90 % of all sources 
of fire worldwide (Crutzen and Andreae 1990).   
The climate change literature considers biomass burning as an important source of 
greenhouse gases and argues that biomass burning contributes up to 40 % of gross carbon 
dioxide each year (Levine et al. 1995; Sinha et al. 2004). West African savannas are 
viewed in this literature as one of the “burn centers” of the planet (Crutzen and Andreae 
1990; NASA 2005a, b). Bush fires are assumed to be very intense middle and late dry 
season burnings and highly destructive. In addition, the “dry season” is typically viewed 
as homogeneous in both space and time in West Africa. There is no discussion of 
duration and location of the “dry season” which does vary with latitude in West Africa. 
The perceptions of tropical Africa that inform the scientific literature raise the questions 
of understanding farming and pastoral practices linked to the use of fire and burning 
regimes, especially in savanna regions. 
Biomass burning research in the greenhouse gas emissions literature says little 
about burning practices and burning regimes and their effects on savanna landscapes and 
on greenhouse gas emissions. In addition, the Malthusian perspective is common in the 
literature on biomass burning and greenhouse gas emissions. The concept is based on the 
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assumption that increasing population pressure on resources results in more biomass 
burning, large concentration of greenhouse gases, and increased global warming.  
The first hypothesis of the dissertation states that local resource users increasingly 
set fires early during the dry season. Early fires are less intense and less efficient. The 
main objective is to understand the trends of fire intensity and burning efficiency related 
to different periods of biomass burning at the local and regional levels in the sudanian 
savanna landscapes of Côte d‟Ivoire.  
In contrast to other studies such as the FOS/DECAFE, a station-based experiment 
that does not reflect the land use practices of farmers, hunters, and herders in West 
Africa, this study analyzes how local resource users use fire as a tool for natural resource 
management, and how these practices modify burning regimes over time. 
The following sections discuss the dynamics of the population during the last 40 
years in the Katiali region, the socio-professional composition of the population, the 
impacts of the population dynamics and activities local inhabitants are involved in linked 
to biomass burning activities. Sections also discuss perceptions and practices of biomass 
burning of inhabitants in the region. Timing of burning, fire intensity, and combustion 
efficiency are defined and the trend of burning regimes is also analyzed. Understanding 
the shift in the use of fire from the middle and late dry season to the early dry season and 
the trends observed in burning regimes over the years are crucial to understanding 
repercussions of bush fires on ecosystems and greenhouse gas emissions in the sudanian 
savanna since the beginning of the 1970s.  
 
3.1. Dynamics and socio-professional division of the population 
The Neo-Malthusian concepts and the ecoscarcity argument are widely used in 
the climate change literature. The argument is that the increase in human population 
results in more pressure on resources, mismanagement and resource scarcity. The 
increasing population pressure on resources is said to result in more biomass burning. 
This section provides information about the dynamics and socio-professional division of 
the population in Katiali. This knowledge is useful for understanding whether the 
ecoscarcity argument prevalent in the climate change science is accurate or not.  
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The population of the village of Katiali was estimated to be approximately 1,600 
inhabitants in 1981 (Bassett 1984). Twenty years later, the population had grown to some 
2,600 inhabitants (Census 2001). The census conducted for this study in October-
November 2007 found the total number of people to be 3,152 inhabitants (Table 3.1). The 
population census compared to previous census data shows that there is an increase in the 
number of people living in Katiali. During the periods 1986-2001, 2001-2007, and 1986-
2007, the population increased at the rate of 6.2%o, 2.12%o, and 9.7%o respectively.  
 
Table 3.1. Evolution of the population of Katiali from 1984 to 2007 
 
 
Neighborhoods 1984 2001 Family heads Population 
Syllara     58 577 
Konéra     26 347 
Traoréra     44 459 
Diabagatéra     21 222 
Konéra-Diabagatéra     12 158 
Sédionkaha     16 147 
Fohnongaha     5 61 
Lohgonzo     20 224 
Piimpkô      49 496 
Peguedala     27 286 
Peulh     15 175 
Katiali 1,600 2,600 293 3,152 
 
In addition to the increasing number of people living in Katiali, there is also an 
important number of FulBe and agricultural migrants living in several settlements 
throughout the region. Also, several small villages in the terroir (Bodonon, Komon, 
Lignoumblé, Nafoun, Somon, and Zèrè) are being increasingly populated. The increase in 
number of inhabitants of the region affected the socio-professional stratification of the 
population.  
The village of Katiali is located in the rural area in northern Côte d‟Ivoire. Prior to 
1970s, the quasi majority of the population was farmer. The inhabitants cultivated food 
crops (rice, maize, sorghum, and groundnut) and cotton as the main cash crop of the 
region. A very small number of the population was involved in hunting. Others were 
blacksmiths or traders. Cattle raising was not an important activity.  
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Compared to the period before 1970s, the current number of people involved in 
these professions increased and the socio-professional composition of the population is 
increasingly diversified. In 2007, nearly three quarter of Katiali households were 
primarily farmers (Table 3.2). Among the 211 household heads, 50 family chiefs were 
involved in other secondary activities such as animal trade, cattle raising, honey 
collection, and hunting. Twenty-seven family heads were either pastoralists or butchers, 
17 were traders and 38 other household heads were involved in other primary activities 
(Table 3.2).  
 
Table 3.2. Socio-professional distribution of the population in 2007 
 
 
 Professions  Number of people  Percent (%) 
 Farmers 211    72 
 Cattle raisers and butchers 27 9 
 Traders 17 6 
 Others 38 13 
 Total  293 100  
 
Farmers are composed of all the inhabitants involved in farming activities in the 
Katiali region. They grow food crops such as rice, maize, millet, groundnuts and 
sorghum, and cash crops that are cotton, mango and cashew orchards. Some farmers 
supplement their income and food by hunting. Cattle raisers are composed of all the 
individuals who own cattle. They are pastoralists, native villagers or migrant farmers who 
invest in cattle raising to diversify their source of income. Butchers are those who buy 
animals, kill them and sell meat in the village. Some butchers also own and raise cattle. 
Several types of traders live in the region: animal traders, owners of small shops, and 
merchants of clothes, cashews, and food crops. Other professions are composed of tailors, 
teachers, nurses, cotton company extension agents, and motorbike mechanics. Farming is 
also a secondary activity for these people involved in other professions.  
Farmers, hunters, and livestock producers are the major professions that use fire 
as a tool to manage natural resources. In the next section, the major actors and reasons for 
burning are discussed more fully.  
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3.2. Local perceptions and practices of biomass burning 
Major perceptions of the West African biomass burning in the scientific literature 
are that the majority of bush fires occurs during the middle and late dry season periods, 
generates very intense burnings and releases large amount of greenhouse gases and 
aerosols into the atmosphere. In that literature, little is known about different actors and 
their motivations to burn. This section provides information about actors of biomass 
burning, local perceptions of the use of fire as a tool to manage natural resources, specific 
burning practices, and political-ecological processes that motivate people to burn at 
certain times and in specific places.  
 
3.2.1. Actors and practices of biomass burning 
In response to the question “who do you think sets fires in your farming zone?” a 
total number of 152 informants indicated that herders, hunters, and farmers are the main 
actors who regularly burn the savanna.  
Farmers set fire for several reasons. First they utilize fire to protect their mango 
and cashew orchards from accidental burnings from middle and late dry season fires. At 
the beginning of the dry season before grasses are very dry, they burn around their 
plantations to make firebreaks (Fig 3.1). Second, in the middle of the dry season, they 
clear the landscape to increase visibility in order to avoid dangerous animals such as 
snakes. Third, farmers use fire as part of their slash and burn agricultural system. They 
typically cut down trees during the early dry season (November- December) to clear new 
land to farm. They let these trees dry and then burn them in the late dry season (March-
April). Farmers also burn crop residues of rice, maize, and cotton of already established 
field before planting in May. These fires can escape and burn the surrounding remaining 
unburned patches in the late dry season periods (Fig. 3.1).  
Herders are the second main actor igniting the bush in the early dry season. 
During the surveys, a distinction was made between herd owners and herders (Fig. 3.2). 
Here owners are in general FulBe cattle owners who migrated from Mali and Burkina 
Faso to the terroir of Katiali. Salaried herders are composed of young FulBe and Senufo 
migrants from Mali and Burkina Faso, and some Senufo and Jula natives from Katiali. 
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Both herd owners (or their kin) and salaried herders herd cattle daily and engage in 
biomass burning during the dry season in the Katiali region. 
 
 
 
 
 
 
 
Fig. 3.1. Biomass burning in the early dry season: A farmer is setting fire around his mango 
orchard early in the dry season in the evening on 12/9/2007  
 
 
 
 
 
 
 
 
Fig. 3.2. A FulBe pastoralist is at home in the evening (A) and herders in the bush around fire 
after cooking their breakfast (B) 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3. Three dozo hunters and a hunter with a hoe and dog  
B A 
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Livestock raising is an important activity in the region. Some 60% of household 
family heads possess at least 1 head of cattle. The total number of animals owned by the 
293 family chiefs was estimated at 3,900 heads. FulBe household heads living in 
settlements in the region also possess a large number of cattle.  
Pastoralists choose their grazing zones according to the criteria of good grazing 
and water resources. They also prefer to move their herds in zones that are distant from 
farmlands to avoid causing crop damage. At the beginning of the dry season when 
grasses are dry enough to burn, herders set fire to the grass savanna to encourage grass 
regrowth. Regrowth produces more nourishing grasses to their animals. In addition, 
herders set fire to clear the grass savanna to destroy animal disease (such as tse-tse fly) 
habitats. Herders set also fire to clear the landscape to find a lost animal or to hide their 
tracks after causing a crop damage accident. Herders also brand their animals, treat their 
animals, and cook in the bush using fires that they don‟t often extinguish before leaving a 
place (Fig. 3.2: B). These non-extinguished fires generate accidental burnings in the 
middle of the dry season. In addition, herders burn some remaining unburned patches at 
the onset of the rainy season.  
Hunters are those who are increasingly blamed for being main authors of intense 
middle dry season fires that clear the landscape during the middle and late dry seasons. 
The term hunter regroups two different groups of people involved in hunting in the 
Katiali region (Fig. 3.3). The first group is composed of “dozos” who are well-organized 
socio-professional group possessing mystic powers and some environmental knowledge 
of their localities. This group of hunters in general uses traditional guns (muskets) to 
hunt. Dozo hunters indicated that the middle dry season fires clear the landscape in such a 
way that it becomes difficult for them to hide from animals that often run away. The 
second group is composed of young men who use dogs, nets, and hoes to hunt. Hunters 
who use several tools to hunt are said to be the group mainly involved in setting fire in 
the middle of the dry season and in burning the unburned patches in the late dry season. 
They are typically involved in accidental burnings of the landscapes because they don‟t 
usually extinguish fires before leaving the place they ignited. In general, hunters choose 
their zones of activity according to the availability of animals and the knowledge of the 
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zones. They usually visit several savanna vegetation zones, bushes as well as forested 
areas, when hunting.  
Other people whose resource use activities can lead to bush fires are honey 
collectors, charcoal makers, women who set fires around dead trees to collect firewood, 
children who herd oxen during the dry season, and reckless persons. If not extinguished 
before leaving the place, these fires can result in accidental bush fires, especially during 
the middle dry season when biomass is very dry and the wind speed is very high.  
Biomass burning takes place all over the Katiali region (Fig. 3.4).  However, 
forested zones such as Gobohloh, and farming zones where more tree plantations exist, 
experience less burning. Biomass burning activities increase in land allocated to 
immigrants by land priests, in which immigrant farmers cannot grow tree crops. 
Immigrant farmers are concentrated to the north of Katiali region in the Pkala zone. They 
are more dispersed to the east and south of Katiali. 
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Fig. 3.4. Biomass burning in the Katiali region based on Landsat satellite image. The black and 
dark spots represent burn scars, the white and blue spots are either fields or villages, and the red 
areas are wooded vegetations  
 
Source: Landsat TM7 images of 2/11/2007 and 2/27/2007 
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3.2.2 Perceptions of biomass burning of local people 
To learn more about burning practices and trends, the burning regimes study 
surveyed people‟s perceptions of fire. Informants offered a number of observations.  
First, local inhabitants perceive three distinct periods of burning during the dry 
season. In response to the question “when are these fires set?” informants indicated that 
fires are set (1) either “at the beginning of the dry season when grasses are dry and fire 
can be ignited” or the “harvest period” (mid-October to late-December); (2) “during the 
harmattan period when the wind blows strongly” or “after farmers have stocked harvest 
in granaries and it is windy” (January-February); and (3) “in the late dry season” or 
“toward the end of the dry season” (March-April) (Table 3.3). 
 
Table 3.3. Terms used by household heads to distinguish the three burning periods 
 
 
Second, a common view is that there is a shift in biomass burning from the middle 
and late dry season to the early dry season and that fires set at the beginning of the dry 
season are not that destructive. Most people deem burning to be beneficial such as 
providing cattle and bush animals with nourishing grasses, removing shelters of cattle 
diseases, clearing the landscape for the purpose of visibility, and to provide some 
  
At the beginning of the dry season when grasses are dry and fire 
can be ignited 
  After last rains people start setting fire around mid-October 
Early dry  Sometimes before the end of harvest 
season period From November 15 
  December 
  In the middle of the dry season 
  After harvests, in the middle of the dry season 
Middle dry  During the harmattan period when the wind blows strongly  
season period January because this zone is a woody vegetation 
  
It is in February that the zone burn because it is a forest, difficult 
to burn 
  January-February 
Late dry  In the late dry season 
season period March-April 
  Toward the end of the dry season 
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nutrients to crops and the natural vegetation. In contrast to the early dry season fires, the 
middle dry season burning is considered to be more destructive: these intense fires burn 
more available dry fodder that cattle can graze during the dry season; middle dry season 
burns negatively affect vegetation growth because plant and soil water reserves are more 
likely to evaporate due to the intense heat. Informants also equate middle dry season 
burning with sicknesses (e.g. colds, meningitis, respiratory problems) because the air is 
much polluted with dust, smoke, and particulate matter from vegetation burning.   
Third, when asked to describe and to compare the bush fires of the period when 
they were young to the current ones, all the informants declared that biomass burning was 
very intense and fire flames were very tall. According to them, fires were in general set in 
the middle dry season or in the late dry season. Thus, 40 years ago, a single fire ignited in 
the bush could burn during several continuous days and nights, large areas on several 
kilometers. The severity of fire is attributed to the existence of a very dry, tall, thick, and 
much grassy landscape. Local inhabitants also declared that current bush fires are set 
early in the dry season and that these fires do not burn large areas. Bush fires are said to 
be small in size and more frequent compared to the 1970s, refashioning the landscape 
into burned and unburned patches.  
Local perceptions of trends in biomass burning are that bush fires are in general 
decreasing in intensity and area in the region. This decline is attributed to several factors. 
First, the expansion in cultivated area and more permanent farms has led to less burning 
associated with reduced fallowing. Second, the growth in numbers of cattle has led to 
increased grazing pressure and less grassy biomass likely to burn. The year 1970 marks an 
important turning point in livestock raising in northern Côte d‟Ivoire. That year, large 
number FulBe pastoralists from Mali and Burkina Faso crossed in to Côte d‟Ivoire in search 
of better pastures. The drought of the late 1960s effectively pushed the FulBe and their herds 
into the more humid sudanian savanna. In 1974, the Ivorian government established a 
livestock development agency (SODEPRA) to provide services to FulBe cattle in the region. 
The combination of these push and pull factors led to a dramatic increase in cattle grazing in 
the northern savanna region (Bassett 1985; Bassett and Turner 2008). Third, the expansion 
of cashew and mango orchards has entailed burning where there are orchards (Fig.3.5). 
Mango (Mangifer indica) and cashew (Anacardium occidentale) orchards were introduced as 
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“coffee trees of the north” in the 1950s for the three fold reasons of protecting the soil, 
improving nutrition, and for generating additional income in commodity markets. The total 
cultivated areas in cashews were 820 hectares in 1965 and 1,750 hectares in 1970 in the 
north. Different experiences of commercialization of orchards failed and tree planting 
became less attractive to farmers (Filleron 1995). In the 1990s, the cotton price declined on 
the international market and negatively affected West African cotton producers. Peasants 
diversified their sources of income by re-investing in cashew and mango orchards. Since 
then, the cultivated area in cashew and mangoes has increased every year in the north in 
general and especially in Katiali region (Bassett and Koné 2008).  
 
 
 
 
 
 
Fig. 3.5. Cashew plantation, cotton field, and cattle grazing a harvested field 
 
In short, the findings reveal that over the period 1970-2009, the number of people 
living in the village increased while the geographical area and intensity of biomass 
burning declined in the Katiali region. Main causes of the decline of biomass burning are 
reduced grass biomass from increased grazing, the expansion of mango and cashew 
orchards, a larger area under cultivation, early burning, and more firebreaks throughout 
the landscape. These findings contradict the prevailing perceptions and assumptions in 
the climate change literature. In the following section, the prevailing burning regimes in 
the region are extensively analyzed.   
 
3.3. Burning regimes in the Ivorian sudanian zone 
A burning regime refers to the timing, intensity, and efficiency of fires and is 
greatly influenced by biophysical processes such as rainfall, relative air humidity, and 
wind speed. The West African burning regimes, especially those in the sudanian savanna 
zone are not well understood in the global warming literature.  
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The aim of this section is to define and extensively discuss changes in burning 
regimes over the last 40 years in the sudanian savanna zone for several reasons. First, the 
recent expansion of cotton, cashew and mango cultivation, and livestock rising has led to 
a notable shift in the timing of burning. Bush fires that occur in the early dry season have 
less destructive effects on the vegetation than those of the middle and late dry seasons. 
Second, combustion efficiency in savanna landscapes remains unclear in the literature. 
The heterogeneity of the savanna landscape and the timing of biomass burning suggest 
specific combustion efficiency coefficients for each savanna vegetation type and each 
burning season period. Third, fire intensity exposed in the climate change science is 
questionable because bush fires of the early dry season are less intense than those of the 
middle and late dry seasons.  
The knowledge of the timing of burning, combustion efficiency, and fire intensity 
is crucial to understanding burning regimes. This knowledge is also extremely important 
for the amount of grass burned, the effects on savanna ecosystems, and gases emitted.  
 
3.3.1 Periods of burning 
3.3.1.1 Definition of burning periods  
Burning periods are defined as distinct periods during the dry season in which 
burning takes place. In this study, biophysical factors form the main criteria to delineate a 
burning period. The onset, duration, and end of burning periods are influenced by 
precipitations, wind speed and direction, air humidity, and relative air temperature. 
Farmers, herders, and hunters also use these biophysical criteria when they discuss 
different burning periods. Local inhabitants combine both biophysical and human 
activities to distinguish the “beginning of the dry season”, the “middle of the dry season”, 
and the “late dry season” (Table 3.3). The major distinction between the three periods is 
that the middle dry season (January and February) is strongly influenced by the harmattan 
while the early dry season (November and December) and the late dry season (March and 
April) are not.  
In addition to the division of the dry season into the early, middle, and late dry 
season periods, three periods stand out during the day, especially in the early dry season: 
the period from 00:00 am to 9:00 am, between 9:00 am and 6:00 pm, and the period from 
 82 
6:00 pm to 00:00 am. The distinction of these periods of the day is very important to 
understand local people‟s behavior, burning activities, burning regimes, and the impacts 
of fire on land cover, and gas and particulate matter emissions.  
 
Table 3.4. Periods of the beginning of biomass burning in the Katiali region  
 
 Periods  # of respondents  Percent (%) 
 Early dry season 58 20 
 Middle dry season 58 20 
 Late dry season 7 2 
 Unknown 3 1 
 No answer 167 57 
 Total 293 100 
 
In the following discussion of the early, middle, and late dry season periods, daily 
and hourly rainfall, relative air temperatures, relative air humidity, and wind speed 
collected using the Davis Instruments portable weather station in field during two 
consecutive dry season periods are used. These biophysical variables are helpful to 
understand the division of the dry season into different periods and to understand the 
characteristics of each burning period. The first period is the early dry season in 
November and December.  
 
3.3.1.2 Early dry season period 
Local people describe the early dry season as the “harvest period”. This period 
begins when rains stop and grass biomass starts drying. The early dry season corresponds 
to the entry period of zone A of the ITCZ in mid-November in the sudanian zone. The 
length of the rainy season determines the timing and duration of the early dry season 
period. In the year during which the rainy season is shorter and rains stop in October, the 
early dry season corresponds to the period that expands from late-October to late-
December. During the year that the rainy season is longer and that rains stop in 
November, the early dry season starts in mid-November and expands until mid-January 
with the establishment of the harmattan in the region. Because of the fluctuations in the 
length of the rainy season, the beginning and the end of the early dry season are located 
within the first two weeks of the months of November and January, respectively.  
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The climatic character of the early dry season in terms of precipitation, wind 
speed, and relative air humidity strongly influences the burning practices of different land 
users.  
 
- Monthly characteristics of the early dry season 
During the early dry season period, there is little to no rain. The months of 
November and December are classified as very dry months of the year because the 
monthly mean precipitation is 16.1 mm for November and 0.3 mm for December. The 
end of the rainy season coincides with the end of the vegetation growth cycle. During the 
early dry season, only perennial plants continue their development thanks to the soil 
water reserve and the high air humidity level. Perennial grass species such as 
Andropogon Gayanus can resprout right after biomass burning. During the early dry 
season, the dead biomass is not yet very dry. The dry fuel still contains about 20% of 
water (Bruzon 1990). 
At the same time, the daily relative air humidity shows a declining trend. 
November‟s relative air humidity declines from 94% to 84% (Appendix G). In 
December, the daily air humidity continues to decline from 92% to 65% (Appendix G).  
The daily relative air temperature greatly fluctuates during the months of 
November and December, between the low of 85 
o
F and the high 98 
o
F. This fluctuation 
of the temperature leads to relatively hot and cool days. December is characterized by an 
important fluctuation of daily temperature between low of 87 
o
F (31 
o
C) and high of up to 
98
 o
F (37 
o
C) (Appendix G).  
The daily wind speed during the early dry season period oscillates between the 
low value of 4 m/s and high value of 7.2 m/s. The average daily wind speed is 5.4 m/s 
(Appendix G).  
The combination of little rain, declining air humidity swings in daily air 
temperature, and relatively low wind speeds generate dry air during these months of 
November and December. The drier air has a desiccating effect on grasses, which 
increases their flammability. Given these conditions, it is not surprising that the early dry 
season is when biomass burning begins in northern Côte d‟Ivoire (Illustration 3.5). 
During the 2006/07 early dry season, a total area of 17,632 ha burned in different 
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vegetation types: fallow field (565 ha), grass savanna (1,152 ha), shrub savanna (5,858 
ha), savanna woodland (5,231 ha), dry forest (4,627 ha), and gallery forest (199 ha) 
(Table 3.7 and Fig 3.6). Changes in biophysical factors and their effects on biomass 
burning are more apparent in the analysis of hourly climate variables.   
 
 
 
 
 
 
 
 
 
 
Fig. 3.6. Biomass burning in the early dry season: (A: 11/22/2007) and (B: 12/17/2008) 
 
Table 3.5. Areas burned (ha) by vegetation type in the early dry season  
 
 Land cover classes  Burned (ha)  Burned (%) 
 Fallow field 565 3 
 Grass savanna 1,151 7 
 Shrub savanna 5,858 33 
 Savanna woodland 5,231 30 
 Dry forest 4,628 26 
 Gallery forest 199 1 
 Total  17,632 100 
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Fig 3.7. Areas burned in the early dry season between November 2006 and January 10, 2007  
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- Daily division of the early dry season  
The distinctiveness of the early dry season resides in the division of the day into 
three periods that are the morning from 00:00 am to 9:00 am, the period between 9:00 am 
and 6:00 pm, and the period from 6:00 pm to 00:00 pm. The changes in biophysical 
characteristics during the day influence the timing of biomass burning. Rainfall, air 
temperature, air humidity, and wind speed collected every hour during two consecutive 
dry season periods are analyzed below (Appendix H).  
During the last two weeks of November and from 00:00 am to 9:00 am, the hourly 
air humidity is very high. It ranges between a low of 70% and a high of 93%. Between 
9:00 am and 6:00 pm, the air humidity ranges from 21% to 93%. The low values are 
usually reached between 1:00 pm and 4:00 pm. After 6:00 pm, the humidity increases 
from the low values (around 49% at 7:00 pm) to high values (up to 80% at 11:00 pm). 
During the first half of December (December 1 and December 14), the hourly air 
humidity shows a decreasing trend. The morning (00:00 am-9:00 am) air humidity varies 
from 90% in December 1 to 80% in December 14. The middle of the day (9:00 am-6:00 
pm) air humidity varies from 40% to 19% while the night (6:00 pm-00:00 pm) humidity 
ranges between 75% and 44%. A similar declining trend in air humidity was observed 
during the last two weeks of December (December 15-December 30). In the morning, the 
air humidity ranges between 80% (December 15) and 60% (December 30). From 9:00 am 
to 6:00 pm, the humidity varies between 24% in December 15 and 15% in December 30.  
During the evening hours, the air humidity varies from 61% in December 1 to 50% in 
December 30. Overall during the early dry season, the air is more humid in the morning 
and evenings. During the day from 9:00 am to 6:00 pm, the air becomes increasingly dry.  
The hourly air temperature is cooler in the morning and evening. It varies between 
70 
o
F and 80 
o
F in November and between 55 
o
F and 80
 o
F in December. Temperatures 
are in general higher during the period of the day from 9:00 am to 6:00 pm, ranging 
between 87
 o
F and 96
 o
F in November and in December.  
During the early dry season the hourly wind speed tends to be low but variable 
throughout the day. In November and December between 00:00 am and 9:00 am, the 
wind speed raises from 0 m/s to 2.7 m/s but is mainly around the null value. During the 
day between 9:00 am and 6:00 pm, the wind speed increases from 3.1 m/s-5.4 m/s in 
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November and from 3.1 m/s to 6.7 m/s in December. From 6:00 pm to 00:00 pm, the 
wind speed is between 0 m/s and 2.2 m/s, and mainly around zero.   
In Katiali fifty-eight household heads reported that biomass burning starts during 
this period in their zone of activity (Table 3.4). Fire is used as tool of resource 
management by herders to encourage the regrowth of more nourishing grasses for their 
cattle (Fig. 3.7 B). Farmers also set fires around their orchards to create firebreaks that 
will prevent their plantations from accidental burning in the middle of the dry season (Fig 
3.7 A). These fires are typically set in the mornings or in the evenings to avoid damaging 
burnings.   
 
 
 
 
 
 
 
 
Fig. 3.8. Biomass burning in the early dry season in Katiali: cashew orchard is protected using 
fire to burn around the field (Picture taken on 12/05/07) (A) and grass regrowth from herders‟ 
early burning (Picture taken on 12/7/2007) (B) 
 
3.3.1.3 Middle dry season period 
The middle dry season begins during the first two weeks of January. It 
corresponds to the months of January and February. Local people in the region describe 
the middle dry season as the “harmattan period” or the period during which “the wind 
blows strongly” (Table 3.3). The monthly characteristics and the daily division are 
provided below (Appendices G & H).  
 
- Monthly characteristics of the middle dry season  
The middle dry season is the driest period of the year. Rainfall is rare and some 
times non-existent. The middle dry season coincides with the period of harmattan. The 
harmattan is a continental dry and hot air mass of the northern hemisphere blowing 
B A 
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southward and covering the whole of West Africa from December to March. It leads to 
hot and dry weather conditions during the day and cool and humid weather conditions 
during the night. The ambient air temperature between 6 pm and 9 am is in general low, 
the relative air humidity is high, and the wind speed is very low, around 0 m/s (Koné et 
al. forthcoming).  
The months of January and February are classified as very dry months. Over the 
31-year period (1976-2006), the monthly mean is 4.3 mm for January and 9 mm for 
February.  
During the month of January, the daily air temperature ranges between 81
 o
F (27 
o
C) and 100
 o
F (38 
o
C) with a mean of 94
 o
F (34 
o
C). During the month of February, the 
air temperature varies between a low of 93
 o
F (34 
o
C) and a high of 102
 o
F (39 
o
C) with a 
daily mean of 98
 o
F (37 
o
C).  
The lack of rain and the high heat negatively affect air humidity, which decreases 
over the course of the middle dry season. The daily air humidity ranges between a high of 
72% in the beginning of January and a low of 41% in late January. In February humidity 
levels oscillate between low and high values. They increase from the beginning of 
February (51%) to mid-February (80%). The general increasing trend of the daily 
humidity is attributed to a few rains that fall in the region in February and to the 
beginning of the vegetative cycle and heightened evapotranspiration of plants.  
Wind speed during the middle dry season is very high. It tends to increase from 
early to late January. The wind direction is also constantly changing. The wind speed 
oscillates during the middle dry season between the low value of 4 m/s and the high value 
8.5 m/s. The daily wind speed reaches the value of 10 m/s in the third week of February 
before decreasing in late February. 
The middle dry season burning is mainly linked to the activities of farmers, 
herders, and hunters. These actors set fire to clear the landscape for visibility purposes 
and to drive game (Fig 3.8). Areas burned during the early dry season are greater than 
those burned in the middle dry season (Fig. 3.6 and 3.9). In the middle dry season 
2006/07, a total area of 10,487 ha burned (Table 3.6). The majority of fallow field (565 
ha) burned during the early dry season while an area of 275 ha burned in the middle dry 
season. In grass savanna, only 229 ha burned in the middle dry season. The total area for 
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shrub savanna burned in the 2006/07 middle dry season is estimated at 1,827 ha. Savanna 
woodland burned is estimated at 1,541 ha. A total area of 4,684 ha for dry forest burned. 
Gallery forest increasingly burned in the middle dry season (1,931 ha).   
 
 
 
 
 
 
 
 
 
Fig. 3.9. Biomass burning in the middle dry season on 1/8/2008 
 
Table 3.6. Areas burned (ha) by vegetation type in the middle dry season  
 
 Land cover classes  Hectare (ha)  Percent (%) 
 Fallow field 275 3 
 Grass savanna 229 2 
 Shrub savanna 1,827 17 
 Savanna woodland 1,541 15 
 Dry forest 4,684 45 
 Gallery forest 1,932 18 
 Total  10,487 100 
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Fig. 3.10. Areas burned in the middle dry season between January 11, 2007 and February 27, 
2007 
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- Daily division of the middle dry season 
Hourly climate information illustrates the desiccating effects of biophysical 
factors on the sudanian savanna vegetation. During the period of January 1-14, the air 
humidity fluctuates between 41% and 71% in the morning (00:00 am-9:00 am), between 
15% and 30% in the middle of the day (9:00 am-6:00 pm), and between 30% and 51% 
after 6:00 pm. The last two weeks of January is a very dry period. The morning humidity 
level decreases from 60% to 40% between mid-to late-January. It drops below 30% and 
even reaches 10% some days between 2:00 pm and 4:00 pm, and increases from 20% to 
40% from 6:00 pm to 00:00 pm.  
Hourly air temperatures during the first half of January are high. They range 
between 80
 o
F to 93
 o
F between 9:00 am and 6: 00pm. The second half of January is 
slightly cooler with hourly temperatures varying between 80
 o
F and 90
 o
F. It gets hotter in 
February. During the first half of the month, hourly temperatures range from 80
 o
F to 102
 
o
F in the middle of the day. 
The middle dry season is characterized by high hourly wind speeds. The increase 
of hourly wind speed reaches its peak in February. The hourly wind speed ranges 
between 3 m/s and 6.7 m/s, some times reaching a high peak of 7.2 m/s between 2:00 pm 
and 3:00 pm. The wind that blows in the mornings and in the evenings has a low speed, 
in general below 3.1 m/s. However, the major characteristic is that the wind blows all the 
time and constantly changes its direction, favoring the spread of fire when ignited. 
In summary, the middle dry season period is the driest and hottest period of the 
dry season. It is during this period that the biomass reaches its driest state. Fifty-eight 
household heads deemed that burning occurs in their zone of activity during the middle 
dry season (Table 3.4). The purpose of the use of fire determines the period of the day at 
which resources users ignite the bush. The middle dry season ends with the end of the 
effects of the harmattan. The first rains of the year fall in February, wind speeds decline 
and the relative air humidity increases. 
 
3.3.1.4 Late dry season period 
The late dry season is characterized as the period “toward the end of the dry 
season” (Table 3.3). The late dry season corresponds to the period of March and April 
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before the rainy season establishes itself. This period is still dry but experiences greater 
precipitation and plants growth. The late dry season ends with the establishment of the 
rainy season in May (Appendices G & H).  
 
- Monthly characteristics of the late dry season 
The mean monthly rain for March is 33 mm and the mean for April is 69 mm. 
March is characterized as a very dry month and April is a dry month (Appendix H). 
The late dry season is also characterized by the increase in the daily relative air 
humidity thanks to the first rains. The humidity in general ranges between 70% and 92%. 
The late dry season is by far the hottest period of the dry season and the year. Very high 
air temperatures, in general ranging from 96 
o
F to 102 
o
F characterize the late dry season. 
Late dry season wind speeds range between 4.9 m/s and 11.2 m/s, mainly due to the 
influence of early storms. 
Biomass burning dramatically decreases during the late dry season (Fig. 3.10 & 
3.11). All perennial and annual grass layers develop during this period and undermine the 
advance of bush fires. Only seven household heads indicated that their zone of activity 
burns during the late dry season period (Table 3.4). Burning activities during this period 
are linked to a small number of hunters who burn some of the remaining unburned 
patches, mainly in previously swampy zones that are dry by the late dry season to flush 
out game. Farmers set fires to vegetation previously cut down for new agricultural parcels 
as well as crop residues. Herders ignite fire to unburned patches during this period to 
clear the landscape with the hope that the first rains will accelerate new grass regrowth. 
Honey collectors accidentally burn part of the bush, especially when they don‟t 
extinguish fire after extracting honey. A very small part of the landscape typically burns 
during the late dry season. During the entire dry season in 2006/2007, only 1,040 ha 
burned in the late dry season (Table 3.7).  During that dry season, only 66 ha burned in 
fallow field, 32 ha in grass savanna. The total area for shrub savanna is estimated at 324 
ha. The total areas burned also decreased in savanna woodland (218 ha), in dry forest (27 
ha), and in gallery forest (116 ha) (Table 3.7). 
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Table 3.7. Areas burned (ha) by vegetation type in the late dry season period  
 
 Land cover classes  Hectare (ha)  Percent (%) 
 Fallow field 66 6 
 Grass savanna 32 3 
 Shrub savanna 324 31 
 Savanna woodland 218 21 
 Dry forest 285 27 
 Gallery forest 116 11 
 Total  1,040 100 
 
 
 
 
 
 
 
 
 
 
Fig. 3.11. Biomass burning during the late dry season: slow moving escaped fire from 
agricultural field is burning the savanna woodland on the 4/8/2008 (A); fallow field burned on the 
4/9/2009 (B) 
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Fig. 3.12. Areas burned in the late dry season between February 28, 2007 and March 15, 2007 
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- Daily division of the dry season 
In comparison to the middle dry season period, hourly humidity increases. The 
morning and the evening hourly humidity levels are in general above 60% and even reach 
90%. The relative air humidity generally increases from 30% to 70% between 9:00am 
and 6:00pm (Appendix H).  
In the mornings, the hourly temperatures range between 70
 o
F and 85
 o
F. In the 
evenings, temperatures are between 80
 o
F and 90
 o
F. The hourly temperatures between 
9:00 am and 6:00 pm are very high and range between 80
 o
F and 102
 o
F. There is a slight 
decrease in the hourly temperatures in April between 9:00 am and 6:00 pm when hourly 
temperatures vary between 85
 o
F and 99
 o
F.  
During the late dry season burning period, the wind blows much of the time. The 
highest wind speed is recorded between 9 am and 6 pm (6.7m/s) and the overall average 
wind speed is 4.5 m/s. The evening hourly wind speeds are also high and can reach the 
peak of 11.2 m/s during rain events. The mornings are also characterized by high winds 
of 0.4 m/s to 5.4 m/s.   
In short, the dry season is composed of three periods (early, middle, and late). On 
the daily basis, biomass burning is also divided into the morning from 00:00 am to 9:00 
am, the period between 9:00 am and 6:00 pm, and the evening from 6:00 pm to 00:00 pm. 
Results show that since 1970s, farming and livestock raising practices led to a 
shift from the middle and late dry season to the early dry season. The majority of burning 
takes place during the early dry season. For a total of 29,159 ha burned during the entire 
vegetation classes, an area of 17,632 ha were burned in the early, 10,487 ha in the 
middle, and 1,040 ha in late dry season. The increasing preference of local people to set 
fires during any period of the dry season and time of the day differently effects on fire 
intensity and combustion completeness.  
 
3.3.2 Burning intensity 
In the following analysis, fire temperatures measured during the real-time burning 
experiments in the early, middle, and late dry season periods are used to characterize 
burning intensity. The combustion efficiency for each vegetation type and each dry 
season period was estimated based on the amount of unburned fuels after the passage of 
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fire in the experimental plots as well as in the landscape burned by local inhabitants. 
Water content of fuel, the spatial arrangement of the biomass, and biophysical factors 
(rainfall, air temperature, air humidity, and wind speed) were taken into account in the 
estimate of the combustion efficiency. Lastly, the analysis links burning intensity and 
combustion completeness to the reasons of setting fire at certain time and place in the 
region. The discussion of the combustion efficiency follows the analysis of burning 
intensity. 
 
3.3.2.1 Definition of burning intensity 
Burning intensity refers to the severity of a burning. Fire temperature and flame 
height are used to characterize burning intensity. Intense burning means that burning is 
severe, fire temperature is high, and flame height is tall. Less intense fire means that 
burning is not severe, fire temperature is low, and flame height is low. In contrary to the 
assumed assumption of very intense middle to late dry season fires taking place in the 
West African savannas, the results show that in the sudanian savanna region, the intensity 
of burning varies by burning period and by vegetation type because of the dryness of the 
available biomass, the fuel load, its spatial arrangement, and the variable impacts of 
biophysical factors during the dry season and within the day.  
 
3.3.2.2. Daily variability of the intensity of burning 
The study shows important daily patterns in fire intensity due to the interactive 
effects of ambient air temperature, relative air humidity, and wind speed. Fires are set in 
the morning before 9:00 am, between 9:00 am and 6:00 pm, or after 6:00 pm, depending 
on the purpose of the burning (Illustration 3.9).  
 
 
 
 
 
Fig. 3.13. Burning intensity during the three periods of the day: Burning is very intense in the 
middle of the day (B: 1/4/08 at 11:06 am), and less intense in the morning (A: 12/31/08 at 8:48 
am) and in the evening (C: 1/5/08 at 4:02 pm). 
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Farmers set fires either before 9:00 am or after 6:00 pm to protect their tree 
plantations. Such fires are controlled fires that burn small areas around the plantations, 
and are less intense because the ambient air temperature during these periods is in general 
low, ranging from 13
o
C to 17
o
C. The effects of the harmattan lead to high relative 
humidity (43%-54%) and very low wind speed (near 0 m/s). Herders also prefer to ignite 
fire during these same periods of the day. They indicated that fires set during these 
periods do not burn large areas, nor do damage to plant root systems. The roots of 
perennial grasses take up the soil‟s water reserve and re-sprout after a few weeks. In 
addition to the choice of these two periods of the day, farmers and herders set fire in the 
opposite direction of the wind to control the progression of fire and intense burning, 
which could result in crop damage.  
In contrast to farmers and herders, hunters prefer very intense fires that can 
“clean” the landscape of grasses and brush in order to flush out game. Therefore they 
usually set fire between 9:00 am and 6:00 pm with hope that wind swept flames will 
force animals move and become more visible in the landscape. Such fires are very intense 
because the ambient air temperature increases (23
o
C to 33
o
C) while the relative air 
humidity decreases from 23% to 13%. The increase in temperature and the decrease in 
relative air humidity heighten the ignition potential of grasses during this period of the 
day. The higher daily wind speed between 9 am and 6 pm (from 3.1 m/s to 8 m/s) also 
increases fire intensity. 
 
3.3.2.3. Seasonal variability of burning intensity  
The case study of Katiali shows that burning intensity declined over the last 40 
years and that burning intensity varies during the dry season. Informants declared that fire 
flame height has declined over time and is not as high as 40 years ago because of the 
impact of grazing pressure on the height and load of grasses. Despite some increase in air 
temperatures, especially in the middle of the dry season, the mean fire intensity is in 
general low, around 300 
o
F. In addition, 68% of the temperature recorded during the 
experiment is less than 125 
0
F (Table 3.8). 
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Table 3.8. Fire temperature (
o
F) measured in experimental plots in the early, middle and 
dry season periods 
 Burning periods  Minimum (
0
F)  Maximum (
0
F)  Mean (
0
F)  Std Dev. (
0
F) 
 Early dry season 76 602 302 122 
 Middle dry season 85 1,009 329 136 
 Late dry season 83 624 291 107 
 Entire dry season 76 1,009 309 123 
 
At the beginning of the dry season in November-December, biomass burning is 
less intense because the fuel is not dry enough to burn. In mid-December, the dry 
biomass is said to represent 50% of the total grass fuel (Bruzon 1990). Additionally, the 
high relative air humidity and the low wind speed undermine the spread of fire. The early 
dry season is also the harvest period, and local farmers and herders take precautions to 
avoid accidental biomass burning, which could burn harvests in field. Therefore, they 
prefer to set fire to the bush increasingly in the morning or in the evening when the wind 
speed is near zero and the level of humidity is very high. Fire temperatures measured 
during the early dry season are very low. The maximum temperature recorded is 602 
o
F 
while the mean temperature is 302 
o
F (Table 3.8).  
Biomass burning is very intense in the middle of the dry season during the months 
of January and February. Several factors contribute to the intense burning of the savanna. 
During that period, biomass is very dry because the harmattan reaches its potential 
desiccating effects and the wind speed is very high and constantly changes direction. Any 
fire ignited becomes then difficult to control. Fire temperatures reach 1,009 
o
F in the 
grass savanna vegetation type and flame height is usually very tall. Fire burns during the 
day as well as in the night until its reaches a firebreak such as a course of river or a road. 
It is the excellent period for hunters and farmers who aim to clear the landscape for 
hunting and visibility.  
At the end of the dry season in March-April, burning intensity in general 
decreases due to several factors: the sudanian savanna zone experiences a few rains; it is 
the end of the harmattan; perennial and annual grasses growth undermines the advance of 
fire; the early and middle dry season burnings already dissected the landscape. The late 
dry season burning increasingly takes place along rivers where there are still unburned 
 99 
patches. Hunters burn some of those remaining patches to flush out game. Herders burn 
also some of the grasslands that did not burn before the onset of the rains. Honey 
collectors unintentionally burn the savanna in case they don‟t extinguish the fire that they 
previously used to extract honey. These bush fires are not intense. The mean temperature 
in the late dry season is estimated at 291 
o
F. However, fire can intensively burn the 
landscape during dry and windy days. During the fieldwork, the maximum temperature in 
the late dry season recorded is 624 
o
F (Appendix I). 
 
3.3.2.4. Changes in the burning intensity by vegetation type  
The severity of burning varies by vegetation type. Burning is severe in fallow 
during the early (602 
o
F), middle (458 
o
F), and late dry season (517 
o
F) (Appendix I). Fire 
is typically set in fallow during the mid-day in the early dry season. Fallow field may not 
burn when fire is ignited before 9:00 am because the spatial arrangement of the available 
biomass is more or less continuous and the high humidity level undermines bush fires. In 
the middle dry season, fire can be ignited in fallow field at any time.  
Burning is in general slightly severe in grass savanna than other vegetation types. 
In general, herders increasingly set fire to grass savanna early in the dry season in the 
evening. The remaining grass savanna is burned in the middle dry season while 
previously marshy landscapes are burned late in the dry season. The mean values of fire 
temperature are 350 
o
F in early, 460 
o
F in the middle, and 326 
o
F in late dry season (Table 
3.9). During the middle dry season, fire intensity reaches its maximum value of the dry 
season in grass savanna burned at noon (1,009 
o
F) (Appendix I).  
Shrub savanna usually burns between 9:00 am and 6:00 pm in the early dry 
season. The maximum fire temperature recorded during the early burning experiments is 
492 
o
F and the mean temperature is estimated at 340 
o
F. In the middle dry season, fire 
may burn shrub savanna at any time because the vegetation is very dry and the wind 
blows in days as well as during the nights. The maximum temperature recorded in the 
middle dry season is 458 
o
F. Late in the dry season, fire can also burn shrub savanna 
during any time of the day. The maximum recorded is 624 
o
F (Appendix I). 
Savanna woodland burns between 9:00 am and 6:00 pm during the early dry 
season because its microclimate keeps high humidity and very low wind does not well 
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circulates. The microclimate does not favour the spread of fire early in the morning and 
in evenings. Maximum fire temperatures measured in savanna woodland in the early, 
middle, and late dry seasons are 378 
o
F, 581 
o
F, and 489 
o
F, respectively (Appendix I).  
Because of the high humidity level that exists in the dry forest, this landscape may 
not burn in the early dry season or may start to burn at the end of the early dry season 
during dry years. In this case, the process of burning is very slow and the maximum 
temperature is 373 
o
F with a mean of 225 
o
F. Dry forest increasingly burns in the middle 
dry season when the dryness is at its highest level. The maximum temperature measured 
is 502 
o
F and the mean is 288 
o
F. In late dry season, dry forest also burn during dry days, 
especially at its edges. The maximum temperature reaches 469 
o
F.  
Gallery forest burns only during the middle dry season. Burning process can be 
slightly severe and reach the maximum temperature of 624 
o
F. The high level of humidity 
of the closed canopy does not favour the ignition of the fuel in the early and late dry 
season. However, during early and late dry seasons, some areas with open canopy such as 
at the edge of the gallery forest may burn.  
 
Table 3.9. Mean values of fire temperature (
o
F) recorded in different vegetation types 
and burning periods 
 Vegetation type  Early dry season  Middle dry season  Late dry season 
 Fallow field 284 284 304 
 Grass savanna 350 460 326 
 Shrub savanna 340 256 331 
 Savanna woodland 240 333 260 
 Dry forest 225 288  
 Gallery forest   327  
 
In short, the study reveals that farmers, herders, and hunters typically set fires 
during three periods within the dry season and during the day. The period of ignition 
depends on the objectives of these engagements in burning.  
Compared to 40 years ago, fire intensity declined over time because of new 
farming and pastoral practices linked to the use of fire as tool to manage the sudanian 
savanna landscapes. Burning is less intense at the beginning of the dry season (late 
October-December), very intense in the middle of the dry season (January-February), and 
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less intense at the end of the dry season (March-April). However, these middle dry season 
burns are not as intense and/or destructive because they are preceded by early dry season 
fires that have already reduced biomass loads, dissected the landscape, and created fire 
breaks in the landscape. Like fire intensity, the combustion efficiency varies.  
 
3.3.3 Combustion completeness 
3.3.3.1 Definition of combustion efficiency 
Burning efficiency or combustion completeness defines the amount of fuel in a 
given area that is burnt during the passage of a single fire. The combustion efficiency is 
measured in percentage (%). The fraction of 100% means that the available fuel load of 
the indicated area completely burned, the number of 50% means that half of the available 
fuel burned, and 0% means that the fuel did not burn at all. Burning efficiency was 
generated from field descriptions of the combustion during and after real-time biomass 
burning experiments. Three levels of efficiency are delineated: burning is not efficient 
when the combustion completeness ranges between 0% and 49%; it is efficient for 50-
89%; burning is very efficient from 90% to 100%. Results show that burning efficiency 
varies within the day, by dry season period, and by vegetation type. 
 
3.3.3.2 Daily variability of combustion efficiency 
The daily division of biomass burning shows that the efficiency of burning varies. 
In addition, the daily burning severity and daily combustion efficiency are correlated. 
Burnings that take place in the morning and in the evening are less severe and therefore 
less efficient. In contrary to the morning and evening fires, those ignited during the mid-
day are severe and available fuel is efficiently burned. During the three periods of the 
day, the availability and spatial arrangement of biomass, the water content of the fuel, the 
wind speed, and the relative air humidity influence the combustion efficiency.  
 
3.3.3.3 Seasonal variability of the combustion efficiency 
Field trips throughout the village territory during the dry season demonstrate that 
bush fires are currently more frequent and small in size compared to 40 years ago. 
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Contemporary bushfires start at the beginning of the dry season in late October when 
grasses are not very dry. This results in a patchwork pattern of small burned and 
unburned areas in the landscape (Laris 2002; Mbow 2000; Koné al. 2008).  
Results from this study show that the burning efficiency declined during the 
period 1975-2009. Efficiency of burning for the entire dry season in 2008/09 is estimated 
at 70% and the 2/3 of the efficiency for the entire dry season is less or equal to 25%. 
Additionally, the mean burning efficiency was estimated at 67%, 72%, and 71% for the 
early, middle, and late dry season, respectively (Table 3.10). Burning efficiency varies 
over time because of the availability of grass biomass likely to burn, relative humidity, 
and wind speed during the period of bushfires.  
 
Table 3.10. Minimum, maximum, and mean values of burning efficiency (%) by dry 
season period  
 
 Burning periods  Minimum (%)  Maximum (%)  Mean (%)  Std Dev. (%) 
 Early dry season 20 99 67 25 
 Middle dry season 10 99 72 29 
 Late dry season 40 99 71 20 
 Entire dry season 10 99 71 25 
 
Fires set at the beginning of the dry season in November-December do not burn 
all the available grasses because of the humidity contained in the air, soil, and plants. 
Only grasses and leaves that are dry enough burn (Fig. 3.13: A). Burning in January and 
February is very efficient because all the fuels are very dry, the humidity is at its lowest 
level of the year, and wind speed is typically high. A single fire ignited burns large 
amount of fuel (Fig.3.13: B). During the late dry season in March and April, the 
combustion is less efficient than the middle dry season fires because thanks to the first 
rains of the years, the fuel contains high quantity of water and the air is humid (Fig. 3.13: 
C). However, biomass burning can be efficient in the late dry season during dry days. 
 
 
 
 103 
 
 
 
 
 
 
 
Fig. 3.14. Burning efficiency during the three periods of the dry season: burning is not efficient 
during the early dry season burning (A: 12/17/2008) and in the late dry season burning (C: 
3/3/2009) but is efficient during the middle dry season burning (B: 1/29/2009) 
 
3.3.3.4. Variation of efficiency of burning by vegetation class 
The efficiency of burning varies by vegetation type. Efficiency of burning varies 
between 20% and 50% in fallow field and has a mean of 31% in early dry season. During 
the middle dry season, the efficiency of burning increases to up to 80% with a mean of 
56%. Burning efficiency declines to about 70% in the late dry season with the mean of 
57% (Table 3.11 and Appendix J). 
 
Table: 3.11. Mean values of burning efficiency (%) by vegetation type and by burning 
period 
 
Vegetation type  Early dry season  Middle dry season  Late dry season 
 Fallow field 31 56 57 
 Grass savanna 99 99 99 
 Shrub savanna 71 88 64 
 Savanna woodland 57 77 67 
 Dry forest 55 83 80 
Gallery forest   41   
 
Burning is very efficient during the entire dry season in the grass savanna. The 
efficiency of burning is 99% because the landscape is composed of fine fuel types. They 
are increasingly subject to the desiccating effects of the harmattan. Shrub savanna 
typically burns between 9:00 am and 6:00 pm in the early dry season. Biomass burning 
remains efficient in early (71%), middle (88%), and late (64%) dry season in shrub 
savanna, even if there is a decline in the efficiency of the late dry season. Savanna 
B A C 
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woodland is more or less efficient in the early dry season (57%). Its efficiency increases 
in the middle dry season (77%) and experiences a slight decline late in the dry season 
(64%). Combustion in the dry forest is also more or less efficient in the early dry season 
(55%) and efficient in the middle (83%) dry season (Table 3.11). Gallery forest burns 
only during the middle dry season. Burning is not in general efficient in gallery forest 
(41%). However, it can be efficient and reach 89% at the edge where there is a maximum 
mixture of grass and leaf fuels (Appendix J).  
 
3.3.4 Places burnt during the different burning periods 
There is a spatial and temporal pattern to savanna burning. Early dry season 
burnings typically occur at the perimeter of villages as preventive measure. These burns 
serve as firebreaks to protect the village from intense middle dry season fires. Burning 
also takes place at this time to provide domestic animals with nourishing pastures in the 
village surroundings. The early dry season bush fires are associated with places that local 
inhabitants call in Jula “Gbelekan yohroh” or “fougan kayohroh” (lateritic plateaus), 
“kourou dafaiyohroh” (the surroundings of small hills), “foro dafaiyohroh” (the 
surroundings of fields), and “fofo” (fallow fields). The early dry season is the time during 
which the perimeters of cashew and mango orchards are burned.   
In the middle dry season, burning occurs in all the vegetation types namely, 
fallow and fields, grass savannas, shrub savannas, savanna woodlands, dry forests, and 
gallery forests. It is toward the end of the middle dry season that the wetland areas 
(“kohfogo” or “fara” in Jula) begin to burn.  
Late in the dry season, all the places that still have unburned patches can slowly 
burn when ignited. However, the late dry season period is best to burn wetland 
vegetation. 
 
Conclusion 
The research shows that the population of the Katiali has increased and the socio-
professional structure has diversified over the period 1970-2009. Farming and pastoral 
activities and practices have also increased and diversified, and with them, burning 
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practices. Different socio-professional groups set fire depending on their needs to 
different vegetation types during different periods of the dry season and the day.  
Changes in farming and pastoral activities have refashioned burning regimes over 
time. The most notable change in burning practices is the increase in early dry season 
fires. Also, farmers and herders increasingly set fires in the morning and in the evening to 
avoid crop damage. The early dry season burning and the morning and evening fires are 
associated with low burning intensity and inefficient combustion of biomass in sudanian 
savanna ecosystems.  
Findings show that over the period 1970-2009, the number of people living in the 
village increased while the extent of bush fires declined in the Katiali region. These 
results contradict the Neo-Malthusian perspective common in the scientific literature on 
biomass burning and greenhouse gas emissions. The findings of this research are 
consistent with other studies conducted in West Africa that point out the decreasing trend 
of burning intensity and combustion efficiency over time (César 1990, Bassett and Koli 
Bi 2000, Mbow et al. 2000, Koné et al. 2008). The results suggest that understanding the 
dynamics driving biomass burning can reveal trends in land cover change in the sudanian 
savanna landscapes.  
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CHAPTER 4: LAND COVER CHANGE ANALYSIS  
Introduction 
The West African savannas are composed of a mixture of grasses, shrubs, and 
trees. Continuous perennial and annual grass strata with varying height and density are 
the common characteristic of differentiation into several savanna vegetation types 
(Bassett 1984; Hoffmann 1985; Mitja 1992; Riou 1995; Bassett and Koli Bi 2000). 
Savannas are presented in the scientific literature as a homogeneous landscape. In climate 
models, only one coefficient is usually assigned to savannas as fuel load (GES-CI 1996; 
Liousse et al. 2004; Jain et al. 2006). The environmental and climate change literature 
identifies savanna fires as grass fires or grassland fires and fuels that burn are 
characterized as fine fuels (Gillon 1983; Scholes 1995; Sinha et al. 2004). 
The dynamic of savannas, especially linked to biomass burning is also poorly 
understood. Savanna fire is characterized as major landscape-scale disturbance that 
generates very intense burning with high temperatures of 500-600 
o
C (932-1112 
0
F). Fire 
is said to negatively affect ecosystem structure and functioning, and to release large 
amount of nutrient and carbon (Gillon 1983; Levine 1994; Andersen et al. 2003; 
Bagamsah 2005). 
The second hypothesis of the research is that new burning regimes are 
contributing to a more wooded landscape in the Ivorian sudanian landscapes. The shift in 
the timing of biomass burning from the middle and late dry season to early dry season 
refashions savanna ecosystems into burned and unburned patches. The objective of the 
land cover study is to examine the nature and the direction of land cover change in the 
sudanian savanna landscapes in Côte d‟Ivoire over the period from 1975-2009 under new 
burning regime conditions. The set of questions to answer is what are the effects of 
changing burning regimes on savanna ecosystems structural and floristic compositions? 
What are the trends of the West African savanna landscapes under changing burning 
regime conditions? 
 This chapter is composed of three parts. The first part provides local descriptions and 
perspectives of the savanna landscapes. The second component of the chapter analyses 
different types of fuel and available load of biomass in each vegetation community. The 
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chapter ends with the analysis of the dynamic of the sudanian savanna under new burning 
regimes, livestock raising, and cropping conditions. This research contributes to the West 
African environmental change debate in which savanna ecosystems are poorly 
understood. 
 
4.1. Sudanian savanna: Complex and differentiated landscapes 
Ecologists use several criteria to define savanna vegetation at the local and 
regional scales. At the regional level in West Africa, savanna vegetation is divided into 
the Guinean savanna, the Sub-Sudanian savanna, and the Sudanian savanna ecosystems. 
These divisions are based on rainfall, topography, soil characteristics, and vegetation 
(Monnier 1968, 1975; Riou 1995; Koné et al. 2011).  
The Sudanian savanna region is a mix of differentiated vegetation communities 
(Monnier 1968, 1975; Bruzon 1990; Riou 1995; Bassett 1985; Hoffmann 1985; Mitja 
1992). A distinguishing characteristic of these vegetation types at the local scale is 
associated with the varying tree-grass ratios (Hoffmann 1985; Mitja 1992; Riou 1995; 
Bassett and Koli Bi 2000). In addition, savanna formations are correlated with 
topography and soils. Forest is located on the summits; shrub savanna typically lies on 
the slope; grass savanna in the lowland or on lateritic plateau, and gallery forests are 
located down slope along river courses (Bruzon 1990; Riou 1995; Diagana, 1995).  
Additionally to the description of the sudanian savanna, local descriptions and 
perspectives of the savanna landscapes, floristic composition of different vegetation types 
along with tree/grass height for the Katiali region are made in this section. These 
descriptions reveal the complexity and the differentiation of the sudanian savanna that are 
missing in climate change science and models.  
 
4.1.1. Criteria of the definition of savanna vegetation types 
At the local scale, Hoffmann (1985) defines savannas based on floristic 
composition (dominant grass and/or tree species), ecological criteria (water, soil, types of 
rocks, position on the slope), and structural parameters (grass/tree height and cover). 
Riou (1995) bases his typology of savanna vegetation types on tree/height. Grass savanna 
has no trees or a few trees of <2 m height; shrub savanna has trees of 2 to 8 m; savanna 
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woodland is characterized by trees of 8-15 m; dry forest is made up of trees of 8-20 m 
with a closed canopy, and gallery forest is composed of big trees of > 20 m along rivers.  
When local inhabitants were asked to describe their landscapes, their main criteria 
of identification, description, and distinction were the name of dominant tree and/or grass 
layer, the grass/tree ratio, and the topographic location. Local inhabitants first indicated 
that the region is a non-forested zone (“gbaikan yohroh” in Jula) compared to the forest 
zone (“tou fin”). During transect walks, they indicated that the landscape of the region is 
differentiated and provided the local names (in Jula) of different vegetation types 
encountered in the region. The local names in general coincide with our major vegetation 
classes: “foro” (croplands), “fofo” (fallow fields), “bin tou” (grass and shrub savannas), 
“Wawa tou” (Savanna woodlands), and “Tou finh” (Dry forests and Gallery forests). 
Peasants do not usually make difference between forested zones (dry forest and gallery 
forest) or between shrub savanna and savanna woodland.  
 
Table 4.1. Land cover classes and areas (ha) in Katiali, 2006/07 
 
 Land cover class  Area (ha)  Percent (%) 
 Human activities (croplands and villages) 10,630 19 
 Marshy zones 172 0 
 Fallow field 2,327 4 
 Grass savanna 1,752 3 
 Shrub savanna 11,862 21 
 Savanna woodland 10,167 18 
 Dry forest 16,161 28 
 Gallery forest 4,102 7 
 Katiali 57,172 100 
 
Based on all the above criteria and descriptions, the sudanian savanna vegetation 
types include the following categories: cropland, fallow fields, grass savanna, shrub 
savanna, savanna woodland, open forest, and gallery forest (Fig. 4.1). The total area of 
the terroir of Katiali (57,172 ha) is divided between these land cover classes including 
human activities composed of village lands and croplands (10,630 ha), marshy zones 
(172 ha), fallow field (2,327 ha), grass savanna (1,752 ha), shrub savanna (11,862 ha), 
 109 
savanna woodland (10,167 ha), dry forest (16,161 ha), and gallery forest (4,102 ha) 
(Table 4.1). The extensive description of each vegetation class is made below.  
 
 
 
Fig. 4.1. Land cover of Katiali in 2006-2007  
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4.1.2 Croplands  
Cropland refers to cultivated areas where food crops (rice, maize, sorghum, and 
groundnut) and/or cash crops (cotton, mango, and cashew) are grown (Fig. 4.1). As a 
land cover category, cropland was not the main focus of the research because the estimate 
of the greenhouse gas emission for agricultural fields is different from the natural 
vegetations such as savannas and forests (Liousse et al. 2004). Also, in contrast to the 
assumed assumption in the climate change literature that lot of agricultural residues burn, 
the surveys and interviews revealed that cattle increasingly graze agricultural crop 
residues (rice, maize, sorghum, groundnut, and cotton) in the early dry season just after 
the harvest in such a way that until the beginning of the next cropping season there is not 
enough residue to burn. In addition, mango and cashew orchards areas are protected from 
middle and late dry season fires (Fig. 4.2).  
 
 
 
 
 
 
 
 
Fig. 4.2. Croplands: cashew orchard in Pkala (A), harvested cotton field in Lèpèhè (B), and rice 
field in Gobohloh (C).  
 
4.1.3. Fallow fields  
Fallow fields are previously cultivated lands that have been abandoned for several 
years to allow soil fertility to regenerate (Fig. 4.3). The duration of fallow can be up to 30 
years. However, due to increasing demand for cropland, the age of fallow is currently 
reduced to 20 years or less in the region. In 2007, the coverage of fallow field in Katiali 
was estimated at 2,327 ha (4%). Fallow field was the second least represented land cover 
class in 2007 (Table 4.1).  
The floristic composition of fallow fields was examined in fallows of 3 years, 6 
years, and 10 years. Major grass types encountered are annual grasses (Euphorbia hirta, 
Borreia verticillata, and Pennisetum spp.) and perennial grasses (Andropogon gayanus, 
Imperata cylindrica, Hyparrhenia subplumosa, Andropogon chiensis, Schizachyrium 
A B C 
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sanguineum, and Hyptis suaveolens) (Riou 1995; Bassett and Koli 2000). In general, 
grass layers are composed of three strata: the first stratum is short in height with 0.25 
meter (m) or less; the second stratum has height between 0.26 m and 1 m, and the third 
stratum has height between 1 and 2.26 m. The first stratum contains the majority of 
grasses while the second stratum is less and the third stratum is more dispersed all over 
the landscape due to heavy cattle grazing.  
Fallow fields are characterized by the presence of shrubs and shrub seedlings. 
Seedlings are in general less than 1 m height. The height of shrubs varies between 1 and 4 
meters. There are a few trees of 7 to 13 meters. These are in general protected trees such 
as Parkia biglobosa and Butyrospermum parkii.  
Vegetation layers, especially grass strata are not always continuous in fallow 
field, especially in young fallows. Only the first short grass layer is continuous. The great 
dispersion of biomass matter likely to burn leads to less intense and inefficient burning 
during the dry season. Less intense and inefficient burning favor the quick development 
of tree and shrub seedlings in fallow fields.   
 
 
 
 
 
 
 
 
 
Fig. 4.3. Young fallow fields of less than 10 years in the Katiali region  
 
4.1.4. Grass savannas  
Grass savanna types (grass layers without trees) are small in size and rare. They 
are typically located in lowlands and in lateritic plateaus (Fig. 4.4). In the grass savanna, 
the shrub stratum (2-4 m) has a spatial coverage rate of less than 5% while the coverage 
rate for grass reaches 100%. Grass height divides layers into three strata: the majority of 
grasses is in the first layer (up to 0.40 m), the second layer is 0.41-1 m, and third layer 1-
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2.02 m. Seedlings have a height of less than 1 m and shrubs height varies between 1 and 
3 m. Grass regrowth of about 0.10 m and less were found in the middle dry season. 
Grasses are often trampled because of cattle movements in the landscape. Termites 
consume part of dry leaves and grasses, and decrease biomass load. Their action is the 
beginning of the process of transformation of biomass into humus, which increases 
mainly in March and April. Perennial grass regrowth, grass consumption of termites and 
broken grasses affect fuel arrangement, fire intensity, flame height, and burning intensity. 
Also, the grass savanna in the Katiali region increasingly experiences the invasion by tree 
and shrub seedlings (Fig. 4.4 B). The increased existence of seedlings in grass savannas 
is argued to originate in part from the practice of the highly mobile livestock grazing in 
which cattle is said to be an agent of transport of tree seeds. In addition, the heavy cattle 
grazing pressure in the region diminishes the fuel load likely to burn leading to less 
intense and inefficient burning. Cattle grazing also eliminate edaphic competitions 
between grasses and trees. Currently, grass savanna is the least represented land cover 
class in the terroir Katiali. It covers only 3.06% (1,752 ha) of the total land.  
 
 
 
 
 
 
 
 
Fig. 4.4. Grass savannas: cattle trampled the grass savanna located on lateritic plateau (A); 
Seedling invasion in a heavily grazed grass savanna (B). 
 
4.1.5. Shrub savannas  
In shrub savanna, trees and shrubs have a coverage rate of 15% to 50%. The 
multi-layer grass coverage rate is up to 90% (Bassett and Koli Bi 2000). Trees in shrub 
savanna have heights of 9 to 17 m with circumferences measuring between 0.43 m and 
0.67 m. The height of shrubs varies between 2 m, 5 m, and 8 m. Their circumferences 
A B 
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measured 0.11 m, 0.22 m, 0.24 m, and 0.25 m. There are many shrubs between 2.5 and 8 
m in height and seedlings of < 1 m. 
Grass heights are 0.40 m or less for the first most important layer; the second 
layer (0.41 m to 1 m) is also taller but more dispersed; and the third and tallest layer (1 m 
to 2.3 m) is rare and widely dispersed in the landscape. Until late December (December 
24 2008, the date of the first burning experiment in Gobohloh), grasses are not 
completely dry in shrub savanna vegetation. There is some new grass growth of perennial 
species found at this time of the year. In April, new grass growth increases in the 
landscape as the first rains of the season begin to fall. Their heights vary between less 
than 0.15 m and 0-0.25 m.  
According to the informants, grasses are not as tall as forty years ago because of 
the grazing pressure exerted by the increasing number of cattle in the region during the 
rainy season. The impact of grazing is also seen in the new arrangement of the biomass 
that consists of trampled grasses in different vegetation types (Fig. 4.5). Shrub savanna 
type occupied about 21% (11,862 ha) of the total land of Katiali (Table 4.1).  
 
 
 
 
 
 
 
 
 
Fig. 4.5. Shrub savannas in the Katiali region 
 
4.1.6. Savanna woodlands  
In savanna woodlands, the ligneous stratum is composed of trees of 10 m to 20 m 
high and shrubs of 4 to 8 meters (Fig. 4.6). These woody strata cover between 40 and 
70% of the upper story (Bassett and Koli Bi 2000). Tree and shrub seedlings (0.10-1 m) 
also compose the under story.  
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Grass cover in savanna woodland is less extensive than in shrub savanna. Grass 
biomass decreases while leaves, branches, woods, and bark biomass increases. The grass 
stratum is estimated at 15-40% of the under story. Grass heights are 0-0.40 m for the first 
layer, 0.50 m to 1.05 m for the second layer, and 1.06 m to 1.89 m for the third layer. 
New grass sprouts (0.10-0.15 m) appear in April. Creepers are found in savanna 
woodlands. Creepers typically grow in high humidity level conditions and are defined as 
characteristics of woodlands and forested areas. Savanna woodland occupied 10,167 ha 
(18%).  
 
 
 
 
 
 
 
 
Fig. 4.6. Savanna woodlands in the Katiali region 
 
4.1.7. Dry forests  
Dry forest is also called open forest (Fig. 4.6). Tree heights vary between 8 m and 
30 m while shrub heights range between 2 m and 6 m. The rate of coverage of trees is 
greater than 50%. Seedlings of different tree species range in height between a few cm 
and 1 m.  
The extent of grass biomass is low in dry forests. It has a coverage rate between 5 
and 10%. Grasses tend to be scattered in the landscape. The dry forest is also composed 
of more creepers of different diameters than in the savanna woodland and of some dry 
branches and dry woods. In 2007, dry forest covered 16,161 ha (28%). 
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Fig. 4.7. Dry forests  
 
4.1.8. Gallery forests  
Gallery forests are found along the course of rivers. It is a vegetation type 
composed of tall trees between 15 and 30 m in height. The shrub layer height varies from 
2.5 m to 8 m. Seedlings are 0.50 m and greater in height and compete for light in order to 
grow in the nearly closed canopy.  
A few grasses exist (< 1 m) and are dispersed on the gallery forest floor. Grass 
coverage increases at the edge of the forest, which experiences burning during the middle 
dry season. Creepers are the main characteristics of dry forest and gallery forests. Dry 
leaves and dead wood compose the majority of the fuel load in gallery forest. Gallery 
forest covered 4,102 ha (7%) in 2007. 
 
 
 
 
 
 
 
 
 
Fig. 4.8. Gallery forests 
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In short, croplands, fallow field, grass savanna, shrub savanna, savanna woodland, 
dry forest, gallery forest are different vegetation communities that provide different fuel 
types and load consumed during bush fires.  
  
4.2. Fuel types and biomass load in the sudanian savanna 
4.2.1. Definition of fuel type and load 
The definition and inventory of fuel types and the amount of burnt biomass are 
critical to estimating emission factors and the amount of gases and particulates emitted 
into the atmosphere. Instead, the accuracy of coefficients used in climate change models 
depends on the classification of fuel into dry grass, green grass, leaf litter, twigs, and logs 
(Fearnside et al. 1999; Liousse et al. 2004, Archbald and Scholes 2009).  
Several authors have defined and measured biomass in West Africa. Monnier 
defines biomass as “the mass of living matter per unit of surface. The biomass often 
designated under the name of phytomass will only be taken into account. The measure of 
that phytomass is done by simple collect.” (Monnier 1975: 18). He argues that the 
“simple collect” technique is only applicable in herbaceous formations and not in 
ligneous formations in which the technique of estimating the biomass consists of 
“coefficients of form” used by foresters.  
Monnier (1975) and other researchers (Bruzon 1990; Filleron 1995) who 
estimated biomass load did not take into account the “necrphyte”, which is the dead 
wooded biomass and all other fuel types likely to burn in the landscape. Bagamsah 
(2005) refers to fuel load as “the amount of combustible vegetation available for burning” 
and argues that “the available plant biomass for fire (only counting the grassy biomass) 
varies from an average 0.5 t.h
-1
, some local areas having over 10 t.h
-1”. In general, fuel 
type is assimilated to the grassy fuel and load estimated is load of available grass in the 
landscape.    
In addition, the “coefficient of form” method borrowed from foresters is more 
likely to measure biomass density than load of biomass likely to burn when fire is ignited. 
Climate change scientists regularly refer to and use biomass density as the amount of 
burnt biomass in the biomass burning emissions models (Liousse et al. 2004; Jain et al. 
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2006; Balzter 2009). The use of biomass density instead of the amount of biomass likely 
to burn in the event of bush fires overestimates fuel load.  
During the fieldwork, fuel types likely to burn in case of bush fires were defined, 
inventoried, and weighed in 18 plots in the three research sites of Gobohloh, Lèpèhè, and 
Pkala. Fuel types were analyzed and biomass load was measured in each of the six 
vegetation types in each site. The location of each research sites and the rationale for their 
selection was previously fully discussed.   
The general equation to quantify the gas and aerosol emissions (IPCC 2003) uses 
“fuel load” in which “fuel load” is defined as the amount of burnt biomass in tons per 
hectare (tons/ha). The “amount of burnt biomass” is defined here as all the available 
biomass likely to burn during the dry season. The available biomass likely to burn 
includes dry and fresh grass, dry and fresh leaves, animal dung, ground litter, dead wood 
and branches (Illustration 4.8).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.9. Typology of fuels measured in field in the six vegetation communities: grasses, leaves, 
cattle dung, dead wood and branches, and mixture of fuel.   
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4.2.2 Fuel types and load in each vegetation type 
4.2.2.1 Fallow fields 
A total number of three fallow fields were inventoried during the fieldwork. 
Experiments were conducted in a fallow of up to ten years old in Gobohloh, eight years 
old in Lèpèhè, and five years old in Pkala. Dry and fresh leaves, dry and fresh grasses, 
small branches, cattle dung, and litter were first identified and weighed. Elements that 
could not be separated from each other were composed of a mixture of dry and fresh 
grasses, dry leaves, flowers, cattle dung, stems, small woods, small branches, fruits of 
grasses, and litter (humus). 
The mean fuel load in fallow fields is 4.5 t/ha (Table 4.2). Grass fuel load varies 
between 0.96 t/ha and 3.18 t/ha and leaf load between 0.05 t/ha and 2.21 t/ha. The 
mixture of fuel types varies between 0.72 t/ha and 1.88 t/ha. Branches are not significant 
components of fallow field fuel loads. They range between 0.09 t/ha and 0.13 t/ha. Cattle 
dung is also insignificant (0.08 t/ha) but indicative of the grazing that occurs in the fallow 
fields (Appendix K). Over all, most of the biomass likely to burn in fallow fields is 
composed of grasses and leaves from trees, shrubs, and seedlings (Illustration 4.8 and 
Table 4.2).  
 
Table 4.2. Types and loads (ton/ha) of fuel by vegetation community in the sudanian 
savanna in Katiali, 2008/09  
 
 Vegetation types  Fuel types  Load (t/ha) 
 Fallow field  Grasses, leaves, small branches, cattle dung, litter 4.5 
 Grass savanna  Grasses, leaves, branches, cattle dung, dry litter 5.5 
 Shrub savanna  Grasses, leaves, dry branches and woods, litter 6.1 
 Savanna woodland  Leaves, grasses, dry wood, branches, barks, fruits 8.3 
 Dry forest  Dry and fresh leaves, dry wood, branches, litter  6.7 
 Gallery forest  Dry and fresh leaves, wood, fruits, branches, litter 7.8 
 
Note: See Appendix K for more detail on fuel types and load by research site and vegetation type 
in Katiali, 2008/09 
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4.2.2.2. Grass savanna 
In grass savanna plots (Gobohloh, Lèpèhè, and Pkala) examined, the mean fuel 
load is 5.5 t/ha (Table 4.2). Different fuels are dry leaves (0.06-0.51 t/ha), dry grasses 
(2.92-5.95 t/ha), branches and dead wood (0.22 t/ha), cattle dung, and dry litter. The 
biomass mixture of dry leaves, dry grasses, barks, small branches, flowers, cattle dung, 
and litter varies between 0.54 t/ha and 1.35 t/ha (Appendix K). Grasses comprise the 
majority of fuel in grass savannas (Fig. 4.9 and Table 4.2).  
 
4.2.2.3 Shrub savanna 
The shrub savanna is composed of dry and fresh grasses, dry leaves, branches and 
dead wood, litter, and a mixture of small branches, dry leaves, dry grasses, seeds from 
tree fruits, litter and stem (Fig. 4.9 and Table 4.2).  
The mean fuel load of the shrub savanna is 6.1 t/ha (Table 4.2). Compared to 
fallow fields and the grass savanna, leaf load increases in the shrub savanna from 1.09 to 
3.59 t/ha and grass load decreases and varies between 0.87 t/ha and 3.79 t/ha. Woody 
biomass (bark, small branches, and wood) is between 0.33t/ha and 0.96 t/ha while the 
biomass mixture varies between 0.48 t/ha and 3.78 t/ha (Appendix K). The main 
characteristic of the shrub savanna is the relatively equal levels of grass and leaf biomass 
and the increasing importance of woody biomass. 
 
4.2.2.4. Savanna woodland 
In savanna woodlands, fuel types are more diverse, and the fuel load is high. The mean 
fuel load is 8.3 t/ha (Table 4.2). The minimum dry leaf load is 1.93 t/ha and the 
maximum is 4.12 t/ha. Dry and fresh grass loads vary between 0.98 t/ha and 2.17 t/ha. 
Woody biomass comprised of dry wood, branches, barks, and fruits of trees vary from 
0.32 t/ha, to 2.74 t/ha. Mixtures of dry and fresh leaves, dry and fresh grasses, animal 
dung, and litter together weigh between 1.25 t/ha and 3.89 t/ha (Appendix K). 
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4.2.2.5 Dry forest 
Different fuel types regularly encountered in dry forest are dry and fresh leaves, 
dry wood, branches, litter, fruits of trees, creepers, and mixtures of dry leaves, small 
branches, and litter (Fig. 4.9 and Table 4.2). The mean weight of dry forest fuel loads is 
6.7 t/ha. Leaf weight amounts to 4.36 t/ha. Wood, barks, branches, and fruits weight 
together account for 1. 11 t/ha while mixtures of biomass weighed at 1.19 t/ha (Appendix 
K). 
 
4.2.2.6 Gallery forest 
Gallery forest contains similar fuel types and loads as in the dry forest. This 
vegetation type‟s fuel is composed of dry and fresh leaves, dry grasses, dry wood, fruits, 
branches, litter, and various bark. Mixtures are composed of dry and fresh leaves, dry 
grasses, branches, bark, fruits of trees, grasses, flowers, cattle dung, and litter.  
The mean fuel load of gallery forests is 7.8 t/ha (Table 4.2). The leaf load ranges 
between 2.84 and 3.57 t/ha. Woody components (woods, fruits, bark, branches) vary 
between 0.28 t/ha and 2.34 t/ha while the biomass mixture varies from 2.58 t/ha to 2.89 
t/ha (Appendix K). 
Vegetation types of the sudanian savanna can be divided into two groups based on 
fuel types and loads. The first group is comprised of fallow field (4.5 t/ha), grass savanna 
(5.5 t/ha), and shrub savanna (6.1 t/ha). The originality of this vegetation group is that 
grasses make up the majority of standing biomass (0.25 m-2 m). In fallow field, grass 
savanna, and shrub savanna, the fire flame is in tall during fuel combustion processes.  
The second group is composed of savanna woodland (8.3 t/ha), dry forest (6.7 
t/ha), and gallery forest (7.8 t/ha). Its biomass load is higher than those of the first group. 
Additionally, leaf and woody biomass largely dominates the fuel type of this group. The 
humid microclimate created by the closed canopy and the very short heights of fuels 
produce slow moving flaming fires and smoldering burns in this group.   
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4.3. Dynamics of sudanian savanna landscapes 
Much of the research treating the interrelationships of environment and society 
emphasize the role of population pressure on environmental change (Pearce 2010; 
Robbins et al. 2009). Environmental narratives of desertification and savannization argue 
that human pressure on land lead to mismanagement and vegetation degradation 
(Mortimore 1998; Bassett et al. 2003: 54; Houghton 2003a, b).  
This analysis of the dynamic of the sudanian savanna landscapes consists in 
investigating the land use and land cover change during the period 1970-2009 mainly 
based on the history and perceptions of vegetation change of local people. The annual 
cycle of the tree and grass vegetation cycle was analyzed in a previous chapter.   
 
4.3.1. Local perceptions of land cover change  
When asked to describe and compare past vegetation of 40 years ago to the 
current one, informants responded that the vegetative cover before the 1970s differed 
from the present. Prior to 1970s, grasses were said to be much taller and more widespread 
than trees. A general perception is that grass species, heights, and biomass loads have 
declined over time mainly due to cattle grazing. Informants indicated that some old grass 
species disappeared while new ones that did not exist before in the region have arrived. 
Hyptis suaveolens is a grass species that is said to have arrived with cattle. This species 
along with Cyanotis lanata is also viewed as a major weed in farmers‟ field. Some of the 
new grasses species are flammable while some are less so. The agents of the dynamic are 
said to be cattle from Mali and Burkina Faso. Current major grass species are 
Andropogon Gayanus, Andropogon chinensis, and Digitaria delicatula. 
In addition to changes in grass species and load, informants declared that the 
sudanian savanna has become more wooded over the past 40 years. Informants of age 
over 30 argued that when they were young the landscape was not covered with as many 
trees as today. The main agents of the dynamic are believed to be cattle that have moved 
into the region in large number since the early 1970s (Bassett and Turner 2008). 
Currently the major tree species of the Katiali region are Isoberlinia doka, Daniallia 
oliveri, Vitellaria paradoxa, Pericopsis laxifora, Piliostigma thonningii, Entanda 
africana, Afzelia africana, Ficus capensis, and Parkia biglobosa.  
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The dynamic of the vegetation is very important for farmers in rural areas. The 
nature of grass or tree species usually indicates conditions of the establishment of 
farming or pastoral activities in a zone. Informants, especially farmers, mentioned that 
they choose their farming zones by looking at the soil, the grass and tree type and 
expansion. Trees such as Isoberlinia doka, Entada africana are characteristics of fertile 
soils because these trees tend to decompose relatively quickly and to enrich the soil with 
nutrients (Illustration 4.9). The vegetation type of savanna woodland and dry forest is 
characteristic of fertile soil as well. In contrast, the tree type of Pericopsis laxifora is 
characteristic of unfertile soils because it doesn‟t easily decompose to enrich the soil over 
years. Soil humidity is also one criterion taken into account by farmers during the process 
of selecting an area to farm.  
 
 
 
 
 
 
 
 
 
Fig. 4.10. Dry forest of Isoberlinia doka tree species cut down for farming in Pkala. This species 
is said to be characteristic of fertile soil.  
 
4.3.2. Factors influencing the dynamics of savanna vegetations  
The dynamics of savanna vegetation is greatly influenced by biophysical factors 
(rainfall, soils, and topography) as well as human factors such as agriculture, livestock 
grazing, and bush fires.   
 
4.3.2.1. Biophysical factors 
Climate, especially rainfall, is the main factor influencing the dynamics of 
savanna ecosystems. During the period 1976-2006, the annual mean rainfall was 1,150.2 
mm. The minimum rainfall was estimated at 816.4 mm (in 1983) while the maximum 
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rainfall was 1,563.5 (1985). These data are in agreement with Eldin (1971) who argues 
that the north of Cote d‟Ivoire experiences a rainfall between 900 mm in the east and 
1,600 mm in the west.  
The sudanian savanna region is subject to rainfall inter-annual variability as well. 
Filleron (1995) mentions that alternation of dry and wet years is one of the characteristics 
of the West African climate and another study underscores a statistical annual decline of 
0.5 to 4.6% in the rainfall during the period 1965-1988 in the region. Sournia (1974) also 
argues that the Sous-Prefectures of M‟Bengué and Niofoin experienced rainfall deficit of 
5 to 10% since 1969 (Sournia 1974 cited by Soro 2006). Despite the inter-annual 
variability, the rainfall is always enough to sustain grass and tree growth. In the Sudanian 
zone, a rainfall of 600 mm to 700 mm is enough to create hydrologic conditions for forest 
establishment.  
The soil-topography complex is also a very important factor in vegetation 
development in the sudanian savanna. This complex is in general favorable to the 
development of grassy as well as woody vegetation cover. The originality of the 
topography in northern Côte d‟Ivoire resides in the monotony of a flat and uniform relief 
made up of succession of plain, convex croups, and inselbergs (Bassett 1985; Bruzon 
1990; Dibi 2004).   
The sudanian savanna is a complex mosaic of vegetation types that are 
distinguished by their physiognomy, flora, and grass/tree ratios. Biomass production is 
deeply influenced by soil properties such as texture, soil depth, and slope (Bruzon 1990; 
Filleron 1995). In addition, the sudanian savanna vegetation type is linked to the presence 
of ferrallitic, tropical ferruginous, tropical brown eutrophic, and hydromorphic soils.  
Ferrallitic soils result from mineral and organic alteration under the triple action of 
temperature, humidity, and bacterial activities. These soils are characterized by deep 
horizon development. The mineral reserve is weak or non-existent because there is only a 
thin clay layer with low absorption power. Croplands, savanna woodland on slopes, dry 
forest on the summit, and gallery forest in the lowland are associated with ferrallitic soils.  
Ferruginous soils result from the evolution of the mother-rock and are 
distinguished from ferrallitic soils by a well developed morphological individualization 
of upper soil profiles. Ferruginous soils have a massive structure at dry state. These soils 
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are characterized by the presence of a deep accumulation horizon in which traces of 
hydroxide of iron concentration can lead to indurations. Ferruginous soils are rich in iron 
and mineral reserves with a saturation of up to 40% in horizon B and C (Bruzon 1990). 
Fallow field on slopes, grass savanna on the summit in lateritic plateaus, and shrub 
savanna on slopes are often located on ferruginous soils.  
Hydromorphic soils are linked to riverbeds and are periodically submerged by 
water during the rainy season or under the fluctuations of underground water (Bruzon 
1990). Grass savanna in marshy zones and gallery forest are linked to hydromorphic 
soils. Fig. 4.11 borrowed from Bassett and Koli Bi (2000) illustrates in detail a typical 
soil catena of the region of Katiali and its associated vegetation types.    
 
 
 
 
 
 
Fig. 4.11. Vegetation transect of the Katiali region 
Source: Bassett and Koli Bi 2000 
 
4.3.2.2. Human factors 
Anthropogenic activities such as agriculture, the use of fire, and livestock grazing 
modify the dynamic of the vegetation. Farmers clear the landscape by cutting down the 
ligneous vegetation for farming. Farmland has largely expanded in the region since the 
1970s and reduced the natural savanna vegetation. Grass height and load diminished over 
time while tree planting increasingly takes place and results in more tree cover.  
Current farming practices also influence the dynamic of the landscape as well. In 
the Katiali region, farmers fertilize their cotton fields and food crops with commercial 
NPK fertilizers and urea supplements. Some farmers also utilize organic fertilizers such 
as animal dung (Fig. 4.12). The use of fertilizer not only increases crop yields but also 
enhance soil fertility for several years. Organic fertilizers, especially cattle dung, contain 
grass and tree seeds that germinate and quickly develop over time. As soon as a land is 
abandoned, fallow field is composed of grass layer and tree and shrub seedlings (Fig. 
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4.13). Local people argue that current fallows contain more seedlings than forty years ago 
due to the presence of cattle. Grazing pressure also appears to be a shift in grass/tree 
ratios. As grazing reduces grass, tree and shrub gain a competitive edge and flourish. 
 
 
 
 
 
 
 
 
Fig. 4.12. Cattle dung used to supplement soil nutrients in a cotton field before farming starts 
 
 
 
 
 
 
 
 
Fig. 4.13. Field invaded by tree and shrub seedlings as impact of the use of organic fertilizer  
 
Farmers also protect valuable tree species such as Parkia biglobosa and 
Butyrospermum parkii whose fruits are used in cooking and seasoning as well as to 
generate income (Fig. 4.14). Biomass burning is one of the most important components 
of the dynamic of the vegetation in the Katiali region. Currently, local resources users 
increasingly set fire early in the dry season. Farmers burn the surrounding areas of their 
cashew plantations, and herders ignite the bush in search of new nourishing grass 
regrowth for their cattle (Fig. 4.15 B). Early dry season fires are less destructive and thus 
favor the expansion of woody species (Fig 4.15 A). Also, early dry season burns dissect 
the landscape into burn and unburned areas. Seedlings, shrubs, and trees continue their 
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development in unburned patches and landscapes burned during the early dry season 
resprout after a few weeks (Fig. 4.16).  
 
 
 
 
 
 
 
 
Fig. 4.14. Valuable tree species of Butyrospermum parkii and Parkia biglobosa protected by 
farmers in theirs fields  
 
 
 
 
 
 
 
 
 
Fig. 4.15. Early biomass burning: (A) impacts on seedlings in Lèpèhè, (B) grass regrowth from 
herders‟ early burning (The picture was taken on 12/7/2007) in southern Lèpèhè 
 
 
 
 
 
 
 
 
 
Fig. 4.16. Seedlings, shrubs, and trees continue their vegetative development in unburned 
patches (A); seedlings and shrubs resprout in the experimental plot burned during the early 
burning experiment (B) 
A B 
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Conclusion 
In summary, the sudanian savanna ecosystems are complex and differentiated 
landscapes composed of croplands, fallow fields, grass savanna, shrub savanna, savanna 
woodlands, dry forest, and gallery forest. The major characteristic of the sudanian 
savanna resides in the continuity of grass and herbaceous layers in which seedlings, 
shrubs, and tree cover are interspersed making for different tree/ grass ratio, and varying 
grass and tree heights.  
Fuel types and loads vary from one vegetation type to another. Dense continuous 
grasses divided into three layers characterize fallow fields, grass savanna, and shrub 
savanna. The continuity of biomass, its load, and the heights of the grass layers are very 
important to biomass burning analysis because they greatly affect burning regimes, fire 
behavior, and the combustion products in terms of greenhouse gas and aerosol.  
Fuel types in savanna woodland, dry forest, and in gallery forest are in majority 
composed of leaves, dry wood, barks, branches, and tree fruits. These fuels generate more 
fuel load and are conducive to smoldering burns in which flame height is low.  
Overall during the last 40-year period, the grass layer, fuel loads and flame 
heights diminished and the seedlings, shrubs, and tree cover increased in the region. This 
new vegetation dynamics is closely linked to the farmers, hunters, and pastoralists‟ use of 
fire during the dry season. Early dry season fires are less destructive and thus favor the 
expansion of wooded species while middle to late dry season burnings lead to intense and 
destructive fires. Livestock grazing diminishes the herbaceous layer and eliminates the 
edaphic competition between herbaceous and ligneous, leading to the multiplication of 
shrubs and forested areas. In addition, the land use and land cover change that the 
sudanian region is experiencing is also attributed to changes in agricultural and pastoral 
activities and practices that are the increased cashew and mango plantation and increased 
use of conventional fertilizers and cattle dung in farms.  
The findings of the land cover analysis contradict the arguments developed in the 
environmental and climate change literature, which assumes that increased number of 
people lead to more pressure on land and resources, resulting in resource scarcity. Results 
also contradict the argument that reckless rural people mismanage and misuse natural 
resources leading to increased vegetation degradation. These findings are very important 
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to the climate change science in understanding greenhouse gas emissions and carbon 
dioxide sequestration potential in the sudanian savanna ecosystems.  
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CHAPTER 5: GREENHOUSE GAS STUDY 
Introduction 
Biomass burning is an important topic in the environmental and climate change 
literature. Fire is presented as a disturbance for savanna ecosystems (Bagamsah 2005). 
Biomass burning is a source of greenhouse gases such as carbon dioxide, methane, and 
nitrous oxide. In addition, biomass burning is a source of chemically active gases, 
including carbon monoxide, nonmethane hydrocarbons, and nitric oxide (Crutzen and 
Andreae 1990; Levine et al. 1995; Liousse et al. 2004; Koppmann et al. 2005; Longo and 
Freitas 2006, Tunved et al. 2006). With the formation of greenhouse gases and 
chemically active gases as direct combustion products, biomass burning is a significant 
driver for global climate change (Levine et al. 1995).  
Carbon monoxide (CO) and carbon dioxide (CO2) are two very important gases to 
the global warming science for several reasons. The reaction of CO with hydroxyl (OH) 
radical is the primary sink for atmospheric OH and yields an additional CO2 (Wuebbles 
2001). Carbon dioxide is of particular interest relative to global warming because this gas 
affects the absorption of infrared radiation. In addition to their large amount released 
from bush fires and their potential effects on the atmospheric budget, climate, and air 
pollution, CO and CO2 are extensively used in equations to calculate coefficients 
(emission factor, combustion efficiency, modified combustion efficiency) and total 
emissions (IPCC 2003, 2006; Koppmann et al. 2005).  
The third hypothesis of this dissertation is that the contribution of West African 
savannas to the production of greenhouse gases is not as high as believed because 
changing burning regimes and the diversity of the savanna landscapes result in fewer 
greenhouse gas and aerosol emissions. Contemporary agricultural and pastoral practices 
in West Africa generate early fires that result in changes in burning regimes and more 
woody landscapes. Less intense and inefficient fires produce less gas and aerosol 
emissions into the atmosphere. In addition, increased vegetation cover sequesters more 
carbon dioxide than attributed to the system.  
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The objectives of the greenhouse gas study are three folds. The first objective is to 
describe the process of burning that occurs in the sudanian savanna landscapes. The 
second aim is to measure during real-time experiments and to compare the amount of 
carbon monoxide and carbon dioxide emitted from the combustion of different vegetation 
communities in the sudanian savanna during the early, middle, and late dry season period 
of the dry season in northern Côte d‟Ivoire. The third goal is to estimate the total 
concentration of CO and CO2 emitted from the sudanian savanna burning during an entire 
dry season for the Katiali region. 
This chapter exposes and analyses the results of the real-time greenhouse gas 
experiments. The first section provides an overview of different stages of the process of 
biomass burning and its outcomes. The second section exposes the results of real-time 
measurements made in burning experimental plots by vegetation community and dry 
season period for carbon monoxide and carbon dioxide. The third section estimates the 
total production of carbon monoxide and carbon dioxide for the Katiali region during the 
2006-2007 dry season.  
 
5.1 Process of biomass burning and outcomes  
 This section describes the stages of biomass burning in general and analyses the 
process of the production of CO and CO2. In addition, the section presents biomass 
burning in the sudanian savanna and compares it to the assumptions and views prevailing 
in the environmental and climate science literature.   
 
5.1.1. Overview of the combustion process and outcome  
Biomass burning is the combination of physical and chemical processes and is 
divided into three basic combustion phases: ignition, flaming, and smoldering (Fig. 5.1). 
Fuel load, its arrangement, size distribution, moisture, and chemical composition affect 
the duration of flaming and smoldering phases (Ward and Hardy 1991; Koppmann et al. 
2005).  
During the ignition phase, small pieces of vegetation such as leaves, needles, and 
twigs are directly set alight by adjacent ignited biomass. Larger pieces undergo radiative 
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heating culminating in combustion (Fig. 5.1 A). The combustion proceeds from the 
ignition phase to the flaming stage when the fuel is sufficiently dry. Flaming combustion 
dominates during the start up. During the flaming stage, fire flame is visible and tall (Fig. 
5.1 B). The smoldering phase is characterized by flameless combustion of the charcoal. 
The smoldering stage produces more smoke in the air (Fig. 5.1 C).  
 
 
 
 
 
 
Fig. 5.1. The ignition (A), flaming (B) and smoldering (C) stages during biomass burning 
 
The composition and amount of emissions are determined by the course of the 
fire, oxygen supply, temperature, fuel load, and elementary composition of the fuel. 
Under complete combustion conditions, biomass burning is an oxidation process that 
primarily produces water vapor (H2O) and carbon dioxide (CO2): 
 
 (CH2O) + O2 ------ CO2 + H2O 
 
Because the oxygen (O2) supply is never sufficient, there is incomplete 
combustion leading to the formation of incompletely oxidized compounds (carbon 
monoxide (CO)), or reduced compounds such as methane (CH4), nonmethane 
hydrocarbons (NMHC), and ammonia (NH3) (Delmas et al. 1995; Scholes 1995; Liousse 
et al. 2004; Koppmann et al. 2005). 
Carbon combusted in a fire is emitted in the form of carbon monoxide and carbon 
dioxide at more than 90%. Only less than 10% of carbon is released as other carbonated 
gases such as hydrocarbons and particulate carbon (Ward and Hardy 1991; Koppmann et 
al. 2005).  
When savannas burn, the majority of the carbon is emitted in the form of carbon 
dioxide, particularly during the flaming stage (Scholes 1995; Korontzi et al. 2003). 
B A C 
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Carbon monoxide is the second most important compound emitted from biomass burning, 
especially during the smoldering stage (Koppmann et al. 2005). The smoldering 
combustion phase also increasingly produces particulate matter (Ward and Hardy 1991). 
 
5.1.2. Biomass burning in the Ivorian sudanian savanna 
This section combines findings of preceding chapters to describe current biomass 
burning in the sudanian savanna landscapes in Katiali in northern Cote d‟Ivoire, its 
prevailing combustion processes, and outcomes in terms of CO and CO2 emissions. In 
each vegetation class, fuel types and loads, intensity of fire, efficiency of burning, 
dominant combustion processes, and outcomes are described. The final goals are to tell 
whether the current biomass burning is consistent with the assumptions and perceptions 
in the climate change literature as well as to reveal constraints and/or possible 
opportunities of biomass burning for climate change in the sudanian savanna ecosystems. 
In the sudanian savanna landscapes, biomass burning occurs in several vegetation 
communities including fallow field, grass savanna, shrub savanna, savanna woodland, 
dry forest, and gallery forest, and fire burns diverse types of fuels. Overall, the intensity 
and combustion efficiency of bush fires declined since 1970s. About 68% (One standard 
deviation) of fire temperatures recorded during the entire dry season are below 125 
0
F 
(Table 5.1). The 2/3 of the combustion efficiency throughout the dry season is less than 
30% (Table 5.2). The decline of burning intensity and the combustion efficiency is 
attributed to the combination of the decline in available grass fuel load under heavy 
grazing conditions, increasing cashew and mango orchards, and the shift in the timing of 
biomass burning from middle and late to early dry season period.  
The means of the temperatures recorded during the 2008/09 real-time burning 
experiments in the Katiali region for the entire dry season is estimated at 309 
o
F (154 
o
C). 
Temperatures of savanna fires measured show that the intensity of burning varies by dry 
season period. Maximum intensity of burning is in general lower in the early (602 
o
F) and 
late dry season (624 
o
F). Burning is very intense in the middle dry season. The maximum 
temperature recorded during the middle dry season is 1009 
o
F (543 
o
C). The severity of 
burning during the dry season depends on several factors such as the period of dry 
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season, the time of the day during which burning occurs, the load of fuel burned, water 
content of fuel, its spatial arrangement, and wind speed.  
The mean of the efficiency of burning for the entire dry season is 71% (Table 
5.2). In general combustion efficiency fluctuates between a minimum value of 10% and a 
maximum value of 99%. Intense burning can occur during each burning period of the dry 
season if there is enough dry and fine fuel to burn (Table 5.2).  
Tables 5.3 & 5.4 (Also Appendix P) show that the major gas emitted during the 
entire dry season from biomass burning in the sudanian savanna zone is carbon dioxide 
(88%) while only a low level of carbon monoxide is released (12%). This information 
suggests that the prevalent combustion process in the sudanian savanna is the mainly the 
flaming stage. The following detailed analysis of burning in each vegetation class and 
each burning period indicates which combustion process and which gas emitted 
dominates.   
 
Table 5.1. Fire temperatures (
o
F) measured in experimental plots in the early, middle, 
and late dry season periods 
 
 Burning periods  Minimum (
o
F)  Maximum (
o
F)  Mean (
o
F)  Std Dev. (
o
F) 
 Early dry season 76 602 302 122 
 Middle dry season 85 1,009 329 136 
 Late dry season 83 624 291 107 
 Entire dry season 76 1,009 309 123 
 
Table 5.2. Burning efficiency (%) measured in experimental plots in the early, middle, 
and late dry season periods 
 
 Burning periods  Minimum (%) Maximum (%) Mean (%)  Std Dev. (%) 
 Early dry season 20 99 67 25 
 Middle dry season 10 99 72 29 
 Late dry season 40 99 71 20 
 Entire dry season 10 99 71 25 
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Table 5.3: Percent of CO in the early, middle, and late burning periods 
 
 Burning periods  Minimum (%)  Maximum (%)  Mean (%) 
 Early dry season 0.07 67 12 
 Middle dry season 0.10 69 13 
 Late dry season 1.10 54 12 
 Entire dry season 0.07 69 12 
 
Table 5.4. Percent of CO2 in the early, middle, and late burning periods 
 
 Burning periods  Minimum (%)  Maximum (%)  Mean (%) 
 Early dry season 33 100 88 
 Middle dry season 31 100 87 
 Late dry season 46 99 88 
 Entire dry season 31 100 88 
 
In fallow field, the fuel is composed in majority of grasses (about 44%), leaves 
(22%), and mixture of grasses and leaves (about 32%). There are about 2% for small 
branches and cattle dung. In addition, there are three grass strata (0-0.25 m; 0.25-1 m; 1-
2.26 m), with the maximum fuel in the two first strata. During the 2006/07 dry season, 
the majority of fallow field (565 ha) burned during the early dry season. Only 275 ha and 
66 ha burned in the middle and late dry season, respectively. Biomass burning is in 
general severe in fallow field during early (602 
o
F), middle (458 
o
F), and late dry season 
(517 
o
F) (Appendix I). Local burning practices explain high temperatures in the early dry 
season. Fire is usually set in fallow during the mid-day in the early dry season because 
this vegetation class may not burn when fire is ignited before 9:00 am when the humidity 
level is still high. In the middle dry season, fire can be ignited in fallow field during any 
time of the day (Fig. 5.2 B). Efficiency of burning varies between 20% and 50% in fallow 
field and has a mean of 31% in early dry season. During the middle dry season period, 
the efficiency of burning increases to up to 80% with a mean of 56%. Burning efficiency 
remains slightly the same in the late dry season with the mean of 57%. In fallow field the 
emission of CO is about 13% and the emission of CO2 is 87% during early, middle and 
late dry season. The prevailing combustion stage in fallow field is the flaming phase 
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during which the maximum CO2 is released into the air. During that flaming phase, only 
fine fuels are burned and coarse fuels such as dead wood, barks, and branches are left out 
because burning is quick (Fig. 5.2). 
 
 
 
 
 
 
 
 
Fig. 5.2. Biomass burning in fallow field: Fire set by local inhabitants (A); burning in 
experimental a plot in Gobohloh on 12/28/2008 at 1:32 pm (B). Only fine fuels burned during the 
experiment while dead woods and branches left out did not burn  
 
During the 2006/07 dry season, grass savanna represented 1,752 ha in the Katiali 
region. Almost 80% of the total fuel in the grass savanna is made of grasses, < 4% of 
leaves, and about 16% is made of the mixture of grasses, cattle dung, small branches and 
leaves. Grasses are in general standing and composed of three layers in the grass savanna 
(0-0.40 m; 0.40-1 m; 1-2 m). Seedlings have a height less than 1 m. Heavy grazing in the 
grass savanna trampled grasses and impacts on flame height. Burning is in general severe 
in grass savanna than other vegetation types. Herders increasingly set fire to grass 
savanna early in the dry season in the evening. A total area of 1,152 ha burned in the 
early dry season. The remaining grass savanna is burned in the middle dry season (229 
ha) while previously marshy landscapes are burned late in the dry season (32 ha). The 
mean values of temperature are 350 
o
F in early, 460 
o
F in the middle, and 326 
o
F in late 
dry season (Table 5.5). During the middle dry season, fire intensity reaches its maximum 
value of the dry season in grass savanna burned at noon (1009 
o
F). Burning is very 
efficient during the entire dry season in the grass savanna at 99% because the landscape 
is composed of fine fuel types that dry earlier in the dry season (Fig. 5.3 and Table 5.6). 
These fine fuels are increasingly subject to the desiccating effects of the harmattan. In 
grass savanna, CO emissions are 13% (early), 19% (middle), and 16% (late). The amount 
A B 
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of CO2 emissions released is estimated at 87% (early), 81% (middle), and 84% (late) 
(Tables 5.7, 5.8 and 5.9). The dominant combustion phase in grass savanna is the flaming 
stage and the major gas emitted is CO2.  
 
 
 
 
 
 
 
 
Fig. 5.3. Biomass burning experiment in grass savanna during the early (A) and middle (B) dry 
season. Burning process is mainly the flaming phase  
 
The total area for shrub savanna that burned in 2006/07 is estimated at 5,858 ha in 
the early dry season, 1,827 ha in the middle dry season, and 324 ha in the late dry season. 
Shrub savanna is made of grasses (37%); leaves (36%), small branches and wood (7%); 
and mixture of fuels (22%). The fuel types and load are located in three layers (0-0.40 m; 
0.40- 1m; 1-2.3 m). The majority of the available fuel is located below 1 m. Shrub 
savanna usually burns between 9:00 am and 6:00 pm in the early dry season. The 
maximum temperature measured in 2008/09 is 492 
o
F (Appendix I) and the mean 
temperature is estimated at 340 
o
F. In the middle dry season, fire may burn shrub savanna 
at any time because the vegetation is very dry and the wind blows in days as well as 
during the nights. During that period, the maximum temperature recorded is 458 
o
F and 
the mean value is 256 
o
F. Late in the dry season, fire can also burn shrub savanna during 
any time of the day. The mean temperature is 331 
o
F while the maximum reaches 624 
o
F. 
Biomass burning remains efficient in early (71%), middle (88%), and late (64%) dry 
season in shrub savanna, even if there is a decline in efficiency in the late dry season. In 
Shrub savanna CO is emitted at 14% and CO2 is released at 86% in the early, middle, and 
late dry season. The major gas released is CO2 during the flaming stage.  
Savanna woodland is composed of leaves (37%), grasses (18%), dry wood, barks, 
and branches (17%), and mixture of fuel (28%). The majority of grasses is in the two first 
A B 
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strata (0-1 m) and dispersed. Savanna woodland increasingly burned in the early dry 
season (5,231 ha), followed by the middle (1,541 ha), and late dry season burning (218 
ha). Savanna woodland often burns between 9:00 am and 6:00 pm during the early dry 
season because its humid microclimate does not favour the spread of fire early in the 
mornings and in evenings. The maximum temperatures measured in savanna woodland 
are 378 
o
F, 581 
o
F, and 489 
o
F (Appendix I). Savanna woodland is slightly efficient in the 
early dry season (57%). Its efficiency increases in the middle dry season (77%) and 
experiences a slight decline late in the dry season (67%) (Appendix J). As a mix of fuel 
types, one would expect a “mixture” of flaming and smoldering stages leading to larger 
amount of CO than fallow field, grass savanna, and shrub savanna. However, CO 
emission is about 11% during the dry season versus CO2 emission 89%. This result 
suggests that fine fuels burn in majority in savanna woodland (Fig. 5.4). 
 
 
 
 
 
 
 
 
Fig. 5.4. Biomass burning experiment in savanna woodland: dead and dry woods and branches 
are left out during the burning process in savanna woodland in Gobohloh during late dry season 
experiment (3/4/09) 
 
Dry forest encompasses 65% of leaves, 17% of dry wood, small branches, and 
creepers. The mixture of leaves and woody debris represent 18% of the total fuel load. 
One characteristic of the dry forest is that it contains a few or no grass. The major fuel 
stratum is below 1 m. Because of the high humidity level that exists in the dry forest, dry 
forest may start to burn at the end of the early dry season during dry years. In this case, 
the process of burning is very slow and the maximum temperature is 378 
o
F with a mean 
of 225.17 
o
F. Dry forest increasingly burns in the late early (4,628 ha) and in the middle 
dry season (4,684 ha) when the dryness is at its highest level. The dry air that circulates 
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in the middle dry season enters in the microclimates and dries the dead biomass in the 
floor. The maximum temperature measured is 505 
o
F and mean is 288.31 
o
F. In the late 
dry season, a small area burns during dry days (27 ha). The maximum temperature 
reaches 469 
o
F. Burning in dry forest is also slightly efficient in the early dry season 
(56%). Burning is efficient in dry forest in the middle (83%) and late (80%) dry season. 
Dry forest released 12%, 14%, and 8% of CO during early, middle, and late dry season, 
respectively. CO2 is emitted at the rate of 88%, 86%, and 92%, respectively. Again, fine 
fuels such as leaves are in majority burning when fire is ignited in dry forest. 
Gallery forest contains leaves (43%), grasses (4%) at its edge, dry wood, fruits, 
barks, and branches (16%), and mixture of grasses, leaves, and woody debris (37%). 
Gallery forest burns only during the middle dry season. Gallery forest increasingly 
burned in the middle dry season (1,931 ha) while the edge of gallery forest or open 
canopy areas burned as well in the early (199 ha) and late (116 ha) dry season. Burning 
process can be slightly severe and reach the maximum temperature of 624 
o
F. The high 
level of humidity of the closed canopy does not favour the ignition of the fuel in the early 
and late dry season. Burning is not in general efficient in gallery forest (41%). However, 
it can be efficient and reach 80% at the edge where there is a maximum mixture of grass 
and leaf. Gallery forest emits 10% of CO versus 90% of CO2 during middle dry season. 
Biomass burning in gallery forest is also in majority a flaming combustion. Only fine 
fuels are burning during the passage of fire.  
 
Table 5.5. Mean values of fire temperature (
o
F) recorded in different vegetation types 
and burning periods 
 
 Vegetation type  Early dry season  Middle dry season  Late dry season 
 Fallow field 284 284 304 
 Grass savanna 350 460 326 
 Shrub savanna 340 256 331 
 Savanna woodland 240 333 260 
 Dry forest 225 288  
 Gallery forest   327  
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Table 5.6. Mean values of burning efficiency (%) estimated by vegetation type and by 
burning period 
 Vegetation type  Early dry season (%)  Middle dry season (%)  Late dry season (%) 
 Fallow field 31 56 57 
 Grass savanna 99 99 99 
 Shrub savanna 71 88 64 
 Savanna woodland 57 77 67 
 Dry forest 55 83 80 
 Gallery forest   41   
 
Table 5.7. Mean values of CO and CO2 (%) measured in the early dry season 
 Vegetation type  %CO Early dry season  % CO2 Early dry season  Total (%) 
 Fallow field 13 87 100 
 Grass savanna 14 86 100 
 Shrub savanna 14 86 100 
 Savanna woodland 10 90 100 
 Dry forest 12 88 100 
 Gallery forest       
 
Table 5.8. Mean values of CO and CO2 (%) measured in the middle dry season  
 Vegetation type  %CO Middle dry season  %CO2 Middle dry season  Total (%) 
 Fallow field 13 87 100 
 Grass savanna 19 81 100 
 Shrub savanna 14 86 100 
 Savanna woodland 11 89 100 
 Dry forest 14 86 100 
 Gallery forest 10 90 100 
 
Table 5.9. Mean values of CO and CO2 (%) measured in the late dry season  
 Vegetation type  %CO Late dry season  %CO2 Late dry season  Total (%) 
 Fallow field 12 88 100 
 Grass savanna 16 84 100 
 Shrub savanna 14 86 100 
 Savanna woodland 11 89 100 
 Dry forest 8 92 100 
 Gallery forest       
Note: Also see Appendices Q and R. 
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The smoke emitted from the sudanian savanna fires is the product of the 
consumption of several fuel types during both the flaming and smoldering combustions. 
In fallow field, grass savanna and shrub savanna, fire burns quickly available fuels 
leading to flames of up 2 m in height (Fig. 5.1). In savanna woodland, dry forest, and 
gallery forest, the smoke is the outcome of a more “mixed” phase (Ward and Hardy 1991; 
Koppmann et al. 2005).  
The findings show that the use of biomass density in climate change models 
overestimates the amount of biomass, which is in reality burnt. Not all the available 
biomass in the landscape burns during bush fires nor do all the dead and dry woods and 
branches (Fig. 5.4). However, occasionally, especially during the middle and late dry 
season, dead wood can burn (Fig. 5.2). In this case, dead woods and branches usually 
burn slowly during several hours and days when they are very dry and biophysical factors 
favour it. It is very important to make the distinction between the types and amount of 
fuels that burn in reality during the passage of fire and biomass density (which is the 
amount of available biomass per unit area) used in the equations to calculate the total 
emissions.  
The results show that within the entire dry season, the level of CO released during 
the middle dry season (13%) is larger than the amounts of CO emitted during the early 
and late dry season periods (12%). Also, more of CO2 is released during the early and late 
dry season periods (88%) than in the middle dry season (87%). In addition, results in 
table 5.7 show that a rate of 13% of CO (87% of CO2) is emitted in fallow field, grass 
savanna, and shrub savanna during early dry season burnings. Emissions of CO increase 
in fallow, grass savanna and shrub savanna during the middle dry season at 13%, 19%, 
and 14%, respectively (Table 5.8). CO levels released remain high in late dry season 
(12%, 16, and 14%) in these vegetation types compared to the early burning (Table 5.9). 
The increased level of CO can be attributed to cattle dung that burns during smoldering 
stages (Fig. 5.1 B & C). The emissions of savanna woodland are slightly constant and 
low (11%) during the entire dry season. In dry forest, CO emissions increase from 12% in 
early dry season to 14% in the middle dry season and decrease to 7% in late dry season. 
The high emission of CO (14%) in dry forest suggests that in the middle of the dry season 
when it is very dry, increased woody fuel burns during the smoldering stage. The low 
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level of CO (7%) emission from dry forest indicates that late in the dry season only fine 
fuels burn because of high humidity level in fuels.  
Regarding greenhouse gas emissions and global warming, the information on CO 
and CO2 emissions reveals constraints as well as opportunities of biomass burning linked 
to different seasons during which fire is set and vegetation communities that burn 
(Appendix P). Linked to CO emissions, there are more constraints associated with middle 
and late dry season burning in fallow field, grass savanna, and shrub savanna because 
they emit larger amount of CO during these two periods. CO2 is of less concern for 
climate change science, especially in West Africa because CO2 is reabsorbed through 
photosynthesis (IPCC 2003).  
Findings of this research reveal that there is a discrepancy between burning 
practices of local people and outcomes in the sudanian savanna, and assumptions and 
views prevailing in the current climate science literature. It is very important to know 
what is burning, when it burns, and what the outcome is. Therefore, it becomes very 
important that environmental and climate science integrates local perceptions and 
practices into research hypotheses, methods, and models.  
 
5.2. CO and CO2 emitted from the sudanian savanna 
Most research methods used to collect greenhouse gas emission information from 
biomass burning consist in burning protected areas, and flying over the area burned to 
take samples for further laboratory analysis (Nguyen et al. 1993; Sinha et al. 2004). 
Problems generated by such methods are twofold. First, as protected areas, the landscapes 
burned do not reflect those in which rural people manage their natural resources. These 
fires are usually research station-based (Lamto research station in Côte d‟Ivoire, Napi-
Kruger national Park in South Africa). The fuel load in these protected areas is usually 
higher than in landscapes burned by rural farmers and herders because of cattle grazing 
pressure and other farming activities. Second, aircrafts usually fly at higher altitudes from 
fire plume. Higher altitude measurements are more likely to measure greenhouse gases 
from several sources instead of from the targeted fire only. For instance, during the 
experiments in “Miombo woodland” and “Dambo grassland”, the distances from the 
aircraft to fire plume varied between 744 m and 4,009 meters (Sinha et al. 2004).   
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This section presents the results of the real-time field experiments throughout the 
region of Katiali. During the fieldwork, the NOVA portable flue gas analyser model 
376STWP was used to directly measure carbon monoxide and carbon dioxide released in 
the smoke of the fire plume during biomass burning (Fig. 5.5). Measurements were made 
in different vegetation classes during the early, middle, and late dry season.  
 
 
 
 
 
 
Fig. 5.5. Process of data collection during the real-time burning experiments. The probe was 
close to fire plume to ensure maximum data collection 
 
5.2.1. Emission of CO from different vegetation classes 
During the dry season 2008/09, the results of field measurements show that the 
concentration of carbon monoxide (CO) emitted directly during bush fires vary by dry 
season burning period (Appendix N). During the middle dry season, the maximum 
concentration released is 37,800 ppm while it is 19,200 ppm for the late dry season and 
16,300 ppm for the early dry season. The mean production of CO in the early dry season 
(2,064 ppm) is in general lower than those of the middle dry season (2,850 ppm) and late 
dry season (3,444 ppm). The analysis of the standard deviation shows that about 68% 
(one standard deviation) of CO emitted during the entire dry season is less than 3,200 
ppm while those emitted in early, middle, and dry season are below 2,500 ppm, 3,500 
ppm, and 3,100 ppm, respectively. The majority of the carbon in the form of CO is 
released into the atmosphere during the middle and late dry season (Table 5.10).  
In addition to the seasonal variation, the results of field measurements show that 
the production of CO also varies by savanna vegetation class (Table 5.11 and Appendix 
N). In the early dry season, the mean production is greater in fallow field (3,238 ppm), 
shrub savanna (3,866 ppm), and grass savanna (2,095 ppm) than in savanna woodland 
(1,442 ppm) and dry forest (875 ppm). We could not conduct experiments in gallery 
forests in the early dry season because the level of water in fuel was high and fire did not 
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burn the available fuel (Fig. 5.6). In general, gallery forest does not burn during the early 
dry season.  
 
Table 5.10. Maximum and mean values of CO emitted in the early, middle, and late 
burning periods  
 
 Burning periods  Minimum (ppm)  Maximum (ppm)  Mean (ppm)  Std. Dev. (ppm) 
 Early dry season 1 16,300 2,064 2,490 
 Middle dry season 1 37,800 2,850 3,438 
 Late dry season 1 19,200 3,444 3,028 
 Entire dry season 1 37,800 3,034 3,176 
 
 
 
 
 
 
 
Fig. 5.6. Dry forest in the early dry season (A); gallery forest in the early (B) and late (C) dry 
season. These vegetation types do not usually burn during the early and late dry season. Fire set 
in the gallery forest in Lèpèhè did not burn the fuel (C)   
 
During the middle dry season, all the vegetation classes experience bush fires. All 
the mean emissions are higher than those of the early dry season, except for fallow field 
and shrub savanna (Table 5.11). The production of CO is low in fallow field and shrub 
savanna during the middle dry season burning because in comparison to other vegetation 
types, their amount of available biomass that burned is small (4.5 t/ha and 5.5 t/ha, 
respectively). Fallow field and shrub savanna are increasingly made of grassy fuel types 
that generate flaming fires. In addition, during the middle dry season, biomass is in 
general very dry and flammable. Biomass burning occurs in open environments, therefore 
fallow field and shrub savanna experience more flaming stage.  
The concentration of CO in fallow is greater in early dry season period than in the 
middle and late dry seasons because flaming fires leading to more completed burning of 
fuels dominate burning processes of in the middle and late dry season. The amount of CO 
emitted is lower in grass savanna in early and increases by a factor of 2. 7 in the middle 
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dry season, and by a factor of 2.9 in the late dry season. Some fuels (small branches, 
cattle dung) characterized by smoldering burning that do not typically burn during the 
early dry season burn in the middle and late dry seasons. In shrub savanna, burning is 
more flaming (intense) in the middle dry season. The high CO emissions in the early and 
late dry seasons suggest that the smoldering burning is dominant in the early and late dry 
season in shrub savanna. The biomass is very dry and flammable in the middle dry season 
than in the early and late dry season. In general, the maximum concentration of CO on 
part per million (ppm) basis, is emitted in fallow field, grass savanna, and shrub savanna 
during the middle and late dry seasons (Table 5.11). During the early dry season, when 
combustion is more efficient, CO production for dry forests notably increases.  
Emission of CO also varies across different types of vegetation within a burning 
period. CO emitted in fallow field in the early dry season is greater than CO released 
from grass savanna by a factor of 1.58 and lower than CO released in shrub savanna by a 
factor of 0.83. Emission from fallow field in the early dry season is also greater than the 
one in dry forest by a factor of 3.68. In the middle dry season, CO emitted from grass 
savanna burning is greater than all the vegetation types: fallow field 2.73, shrub savanna 
2.23, savanna woodland 2.69, dry forest 1.81, and gallery forest 2.77. During the late dry 
season, the emission from grass savanna is the highest amount followed by the emission 
in shrub savanna, fallow field, savanna woodland, and dry forest.  
 
Table 5.11. Values of mean CO (ppm) measured in different vegetation types during the 
three burning periods  
 
 Vegetation type  Early dry season  Middle dry season  Late dry season 
 Fallow field 3,238 2,087 3,123 
 Grass savanna 2,095 5,674 5,997 
 Shrub savanna 3,866 2,587 4,767 
 Savanna woodland 1,442 2,102 2,882 
 Dry forest 875 3,126 1,509 
 Gallery forest   2,048   
 
5.2.2. Emission of CO2 from different vegetation types 
During the dry season, carbon dioxide (CO2) emissions vary by burning period 
and by vegetation type (Appendix O). The maximum emission of CO2 during burning 
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experiments varies from 45,000 ppm in early dry season to 62,000 ppm in the middle and 
63,000 ppm in late dry season. The mean emissions of CO2 in experimental plots during 
the middle dry season (21,408 ppm) and late dry season (25,083 ppm) are greater than the 
amount of CO2 emitted during the early dry season (16,431 ppm). The 2/3 of CO2 emitted 
during the entire dry season is below 11,200 ppm. In the early, middle, and late dry 
season, 68% of CO2 emitted are lower than 11,200 ppm, 10,600 ppm, and 12,100 ppm 
respectively. The majority of the concentration of CO2 is emitted during middle and late 
dry season in the sudanian savanna (Table 5.12). 
 
Table 5.12. Maximum and mean values of CO2 emitted in the early, middle, and late 
burning periods 
 
 Burning periods  Minimum (ppm)  Maximum (ppm)  Mean (ppm)  Std. Dev. (ppm) 
 Early dry season 1,000 45,000 16,431 11,116 
 Middle dry season 1,000 62,000 21,408 10,544 
 Late dry season 1,000 63,000 25,083 12,029 
 Entire dry season 1,000 63,000 23,310 11,734 
 
In each vegetation type, the concentration of CO2 emitted increases from the early 
dry season to the late dry season, except for fallow field and shrub savanna (Table 5.13). 
During the early dry season, the mean production of CO2 is greater in fallow field 
(21,185 ppm), grass savanna (18,605 ppm), and in shrub savanna (22,608 ppm). The 
grass fuel type dominates in these land cover classes in comparison to savanna woodland 
(13,987 ppm) and dry forest (8,360 ppm). In addition, biomass burning in fallow field, 
grass savanna, and shrub savanna occurs in open environment, which is therefore more 
oxygenated than in savanna woodland and dry forest. Savanna woodland and dry forest 
are characterized by a microclimate, which regulate biomass burning and the supply in 
oxygen. Therefore, smoldering burning increases in savanna woodland and in dry forest.  
During the middle dry season, all vegetation types become important sources of 
the greenhouse gases. The mean production of CO2 increases in all the vegetation classes 
compared to the early dry season, except in fallow field and shrub savanna. The emission 
of CO2 decreased by a factor of 0.9 in fallow field. The released of CO2 decreased in 
shrub savanna by 0.8. The mean production of CO2 does not follow the same trends in 
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fallow field (19,046 ppm), grass savanna (28,976 ppm), and shrub savanna (18,632 ppm) 
compared to the savanna woodland (21,078 ppm) and dry forest (20,261 ppm). The mean 
production of CO2 in fallow is lower than the mean production in grass savanna and the 
mean production in shrub savanna is lower than the production in savanna woodland. 
Several factors may explain this fact: burning period, fuel load and its spatial distribution, 
and wind speed.  
During the late dry season burning experiments, the production is greater than 
those of the early and middle dry season (Table 5.13). We noticed in field that during the 
late dry season, the burning process is slow and efficient than the early and middle dry 
season. Like in the early dry season, biomass burning does not in general take place in 
gallery forest in late dry season because by that period, a few rains already felt and the 
water content of fuel and the highly humid microclimate do not allow fire to be ignited 
(Fig. 5.6 & 5.7). 
 
Table 5.13. Values of mean CO2 (ppm) measured in different vegetation types during the 
three burning periods 
 
 Vegetation type  Early dry season  Middle dry season  Late dry season 
 Fallow field 21,185 19,046 24,163 
 Grass savanna 18,605 28,976 32,464 
 Shrub savanna 22,608 18,632 34,479 
 Savanna woodland 13,987 21,078 23,956 
 Dry forest 8,360 20,506 19,869 
 Gallery forest   20,261   
 
In summary, the emission of carbon monoxide and carbon dioxide varies by burning 
period and across vegetation communities within a given burning period.  CO and CO2 
are increasingly released in the middle and late dry season than in the early dry season. 
Vegetation communities that emit more gases when burned are fallow field, grass 
savanna, shrub savanna, and savanna woodland.  
The results of the multiple comparison of the emissions between different 
vegetation classes for the entire dry season confirm that fallow field emits higher level of 
CO than savanna woodland, dry forest, and gallery forest; carbon monoxide produced in 
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grass savanna is higher than all the other vegetation types; fire in shrub savanna emits 
higher level of CO than fallow field, savanna woodland, dry forest, and gallery forest; 
savanna woodland burns release higher amount of CO than dry forest and gallery forest; 
and the amount of CO emitted from dry forest is higher than in gallery forest (Appendix 
L). This information reveals that that vegetation types dominated by grass fuel (grass 
savanna, shrub savanna, and fallow field) emit more CO than those in which leave fuel 
(savanna woodland, dry forest, and gallery forest) dominates. Therefore, vegetation types 
dominated by grass fuel constitute constrain for CO emission from biomass bushfires. 
Concerning CO2, the multiple comparison table (Appendix M) shows that grass 
savanna emits more gas than all the other vegetation types; fallow field emits more gas 
than dry forest and gallery forest; CO2 emission in shrub savanna is higher than in fallow 
field, savanna woodland, dry forest and gallery forest; savanna woodland emits more CO 
than fallow field, dry forest, and gallery forest; dry forest is the vegetation type in which 
the lowest level of CO2 is released; gallery forest is higher than dry forest only. One 
observation is that grass fuel types (grass savanna and shrub savanna) emit more CO2 
than leave types (savanna woodland, dry forest, and gallery forest). We can conclude that 
grass types constitute constrain for CO2 emissions than leave types.   
 
 
 
 
 
 
 
 
Fig. 5.7. The first rains in Katiali felt on 2/5/2009 (A) and another on the 2/19/09 (B). These 
rains undermine the process of biomass burning in the region because humidity level increases 
and the development of grasses accelerate 
 
5.3. Regional level contribution of CO and CO2 emissions 
The current section estimates for the region of Katiali the contribution of CO and 
CO2 by vegetation type and by dry season period. The first part of the section presents 
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different coefficients used to calculate the regional production of greenhouse gases. The 
second part presents the regional CO and CO2 contribution for the 2006-2007 dry season. 
The regional contributions to the global CO and CO2 emissions for the entire dry season 
are estimated in ton and megaton (one megaton (Mt) is equals to one million tons). This 
information is very important to understand the impacts of seasonality of biomass 
burning emissions to the global CO and CO2 budget. 
 
5.3.1 Equation used to estimate CO2 emissions 
 The equation used to calculate the regional production of carbon monoxide and 
carbon dioxide is the general equation of the Intergovernmental Panel on Climate Change 
(IPCC) (IPCC 2003: 3.49): 
 
 
 
In which:  
. Emission is the quantity of gas released due to fire, estimated in tons of gas (t). 
. Area is the area burnt in hectare (ha).  
. Fuel load is the amount of burnt biomass in tons per hectare (tons/ha).  
. Burning completeness is the fraction of fuel burnt in percent (%) 
. Emission factor of a gas is the amount of this gas generated when one kilogram of fuel 
is burnt 
 
5.3.1.1. Regional area of different land cover classes 
The total area of the region of Katiali is estimated at 57,172 hectares (ha). The 
region‟s land cover classes is mainly divided into human activities (10,630 ha) composed 
of villages and croplands, fallow field (2,327 ha), grass savanna (1,752 ha), shrub 
savanna (11,862 ha), savanna woodlands (10,167 ha), dry forest (16,161 ha), and gallery 
forest (4,102 ha) (Table 5.14).  
 
 
 
Emission (tons) = Area (ha)*Fuel (tons/ha)*Completeness (%)*Emission Factor (g.kg-1)*10-3                      
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Table 5.14. Total area (ha) by land cover class 
 Land cover class  Area (ha)  Percent (%) 
 Human activities (croplands and villages) 10,630 19 
 Marshy zones 172 0 
 Fallow field 2,327 4 
 Grass savanna 1,752 3 
 Shrub savanna 11,862 21 
 Savanna woodland 10,167 18 
 Dry forest 16,161 28 
 Gallery forest 4,102 7 
 Katiali region 57,172 100 
 
5.3.1.2. Area burnt: 
The area burnt is estimated in hectare (ha). The total area burned was estimated 
based on the processing of Landsat TM fine spatial resolution (30-meter) images that 
cover the region and the entire 2006-2007 dry season period. Total areas burned are 
estimated by vegetation class and by dry season period.  
 
Table 5.15. Total areas (ha) burned and unburned during the entire 2006-2007 dry season  
 
 Class names  Area (ha)  Percent (%) 
 Total areas burned 33,061 58 
 Total areas unburned 24,111 42 
 Katiali region 57,172 100 
 
The total area of the region burned during the entire dry season is estimated at 
33,061 ha. During the entire dry season, 24,111 ha (42%) did not burn (Table 5.15). 
During the 2006-2007 dry season period, 19,491 ha of the region burned early in the dry 
season, 12,255 ha burned in the middle dry season, and 1,315 ha of the region burned in 
the late dry season (Table 5.16). The maps show the spatial and temporal distributions of 
biomass burning in the region of Katiali during the dry season of 2006-2007 (Fig. 5.1).  
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Table 5.16. Areas burned (ha) by land cover class and by dry season period, Katiali 
region, 2006/07 
 
Land cover classes  Early (ha)  (%)  Middle (ha)  (%)  Late (ha) (%)  Total  (%) 
 Human activities  1,798 9 1,697 14 271 21 3,765 11 
 Marshy zones 61 0 71 1 5 0 136 0 
 Fallow field 565 3 275 2 66 5 905 3 
 Grass savanna 1,151 6 229 2 32 2 1,412 4 
 Shrub savanna 5,858 30 1,827 15 324 25 8,010 24 
 Savanna woodland 5,231 27 1,541 13 218 17 6,990 21 
 Dry forest 4,628 24 4,684 38 285 22 9,597 29 
 Gallery forest 199 1 1,932 16 116 9 2,246 7 
 Katiali  19,491 100 12,255 100 1,315 100 33,061 100 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.8. Areas burned during the early (A), middle (B), and late (C) dry season periods in 
Katiali in 2006 
 
In the early dry season, the majority of burning took place in the shrub savanna 
(5,858 ha) followed by savanna woodland (5,231 ha), dry forest (4,6278 ha), grass 
savanna (1,151 ha), and fallow field (565 ha).  
 In the middle dry season, biomass burning occurred in all the vegetation classes. 
The 12,255 ha burned in the middle dry season is divided among fallow field (275 ha), 
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grass savanna (229 ha), shrub savanna (1,827 ha), savanna woodland (1,541 ha), dry 
forest (4,684 ha), and gallery forest (1,932 ha) (Table 5.16).  
 During the late dry season, much of the landscape does not burn any more in the 
region. A total area of 1,315 ha was burnt. An area of 66 ha burned in fallow field, 32 ha 
in grass savanna, 324 ha in shrub savanna, 218 ha in savanna woodland, 285 ha in dry 
forests, 116 ha in gallery forest (Table 5.16).  
 
5.3.1.3. Fuel load  
Table 5.17. Fuel load (t/ha) by vegetation type 
 
 Vegetation types  Load (t/ha) 
 Fallow field 4.5 
 Grass savanna 5.5 
 Shrub savanna 6.1 
 Savanna woodland 8.3 
 Dry forest 6.7 
 Gallery forest 7.8 
 
Fuel load is the mass of available fuel likely to burn in the event of burning. Fuel 
load is estimated in tons per hectare (ton /ha). Biomass load varies by vegetation type 
throughout the landscape. The mean load in fallow field is 4.5 t/ha. The grass savanna has 
a mean load of 5.5 ha, shrub savanna has 6.1 ha, savanna woodland has 8.3 ha, dry forest, 
6.7 ha, and gallery forest has a mean load of 7.8 ha (Table 5.17). As we move from 
fallow field to gallery forest, the mean load of fuel increases, the load of grass 
diminishes, the load of branches, fruits, dead wood, and leaf increases (Appendix K).  
 
5.3.1.4. Combustion completeness 
In general, the efficiency of burning declined over the last 40 years in the 
sudanian savanna zone. In addition, the combustion efficiency varies by vegetation 
community and by dry season period. Lastly, for a given dry season period, the 
combustion completeness varies by vegetation class (Table 5.18)   
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Table 5.18. Table of combustion efficiency (%) by vegetation type and dry season period 
 
 Vegetation type  Early (%)  Middle (%)  Late (%) 
 Fallow field 31 56 57 
 Grass savanna 99 99 99 
 Shrub savanna 71 88 64 
 Savanna woodland 57 77 67 
 Dry forest 55 83 80 
 Gallery forest   41   
 
5.3.1.5. Emission factor 
Emission factors (EFs) from Scholes‟ (1995) are selected to calculate the amount 
of CO and CO2 produced for the region of Katiali because these data seem to be the most 
appropriate (Table 5.19). The method (A Fire-Activated Sampling System (FASS) used 
to measure gas concentrations just above the flame zone over the entire duration of a 
passing flame front) is applicable to West Africa and other tropical regions that are 
subject to frequent and extensive burnings without recalibration of the predictive 
equations (Scholes, 1995). In addition, the results are derived from different vegetation 
classes instead of the simple forest/savanna distinction found in other findings.  
 
Table 5.19. Emission factors 
 Vegetation types  CO2  CO  Source  
 Moist/infertile broadleaved savanna (F) 1,523 92 Scholes (1995) 
 Arid fertile fine leaved savanna (SW) 1,524 73 Scholes (1995) 
 Moist infertile grassland (SS) 1,498 59 Scholes (1995) 
 Arid fertile grassland (GS) 1,540 97 Scholes (1995) 
 Wetland 1,554 58 Scholes (1995) 
 All vegetation types (1) 1,403-1,503 67-120 IPCC (1994) 
 Forest fires 1,531 112 Kaufman et al. (1992) 
 Savanna fires 1,612 152 Ward et al. (1992) 
 Forest fires 1,580 130 Delmas et al. (1995) 
 Savanna fires 1,640 65 Delmas et al. (1995) 
(1) Assuming 41-45% C content, 85-100% combustion completeness  
Source: IPCC GPG2003, 2003: 3.185 
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The IPCC emission factors are default data that are not accurate (Scholes 1995; 
IPCC 2003; IPCC 2006). Delmas et al. (1995) Côte d‟Ivoire‟s Lamto research station‟s 
emission factors are based on measurements for the Guinean savanna zone that do not 
capture the reality of sudanian zone land cover and land use.  
Emission factors of gaseous or particulate trace compounds are directly dependent 
both on the fuel type and the combustion process. Therefore, exact emission factors for 
the sudanian savanna ecosystems are more likely to be different from those of Scholes 
(1995) with the burning season and vegetation type owing to the changing nature of the 
combustion (Ward and Radke 1993; Koppmann et al. 2005).  
 
5.3.2. Regional production of CO and CO2 
The contribution of biomass burning that occurred in the region of Katiali during 
the 2006/07 dry season is estimated at 1,035 Mt of CO and 20,10 Mt of CO2. The amount 
of gases produced varies by vegetation community and by dry season period. They also 
vary across vegetation types in a given dry season period (Table 5.20 and 5.23). 
 
5.3.2.1. Regional production of carbon monoxide  
During the 2006/07 dry season, CO produced during the entire dry season is 
estimated at 1.035 Mt. The maximum carbon monoxide is emitted in the early dry season 
(0.556 Mt), followed by the middle dry season burning (0.445 Mt) and the late dry season 
fires (0.034 Mt). The majority of CO is emitted from savanna woodland (0.180 Mt), dry 
forest (0.157 Mt), shrub savanna (0.150 Mt), and grass savanna (0.061 Mt) during the 
early dry season (Table 5.20). During the middle dry season burning, maximum CO is 
produced in dry forest (0.239 Mt). The production in gallery forest is estimated at 0.057 
Mt. The production in general decreases from early to middle dry season in other 
vegetation classes. The decreasing trends of the CO emission continuous in the late dry 
season. The maximum emissions of CO during late fires are observed in dry forest (0.001 
Mt), savanna woodland (0.009 Mt), and shrub savanna (0.008 Mt) (Table 5.20). In the 
analysis, we must link the total production of CO to the area burnt during each burning 
period and in each vegetation community.  
 
 154 
Table 5.20. Emission of CO (Megatons) by vegetation type and by dry season period in 
the sudanian savanna zone in northern Côte d‟Ivoire 
 
 Vegetation type  Early (Mt)  Middle (Mt)  Late (Mt)  Total (Mt) 
 Fallow field 0.008 0.007 0.002 0.016 
 Grass savanna 0.061 0.012 0.002 0.075 
 Shrub savanna 0.150 0.058 0.008 0.022 
 Savanna woodland 0.180 0.072 0.009 0.261 
 Dry forest 0.157 0.239 0.001 0.410 
 Gallery forest   0.057  0.057 
 Total  0.556 0.445 0.034 1.035 
One Megaton (Mt) equals one million tons 
 
The mean production of CO for one hectare of vegetation burned varies by and 
vegetation community and by dry season. During the entire dry season, on one-hectare 
basis, grass savanna releases 53 t/ha while dry forest produces 43 t/ha, savanna woodland 
37 t/ha, shrub savanna 27 t/ha, gallery forest 25 t/ha, and fallow field 18 t/ha (Table 
5.21). The production of CO per unit area is higher in the middle dry season (42 t/ha) 
than in the early and late dry season (32 t/ha). The production of CO is also greater for 
most vegetation types in the middle and late dry season than in the early dry season.  
Scenarios were based on the assumption that the same areas burned in the early 
dry season period of the 2006/07 dry season (Table 5.16) burned in the middle and late 
dry season periods. Estimates based on such an assumption are in the Table 5.22. 
Estimates show that the total production of CO increases by a factor of 1.35 between 
early and middle dry season and by a factor of 1.17 between early and late dry season 
(Table 5.22). The result suggests that biomass burning that occurs in the early dry season 
produces lower amount of greenhouse gases into the atmosphere than those of the middle 
and late dry season. The overall production of CO is greater in the middle and late dry 
season than in the early dry season.  
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Table 5.21. Mean production of CO (t/ha) by vegetation type and burning period, Katiali 
 
 Vegetation types  Early (t/ha)  Middle (t/ha)   Late (t/ha)   Dry season (t/ha)  
 Fallow field 14 24 25 18 
 Grass savanna 53 53 53 53 
 Shrub savanna 26 32 23 27 
 Savanna woodland 34 47 40 37 
 Dry forest 34 51 49 43 
 Gallery forest 0 29 0 25 
 Total  32 42 32 35 
 
 
Table 5.22. Scenarios of CO emission (Megaton) by vegetation classes and burning 
period based on the assumption that the same areas burned in the early dry season are 
burning in the middle and late dry season (Assumption of intense middle and late dry 
season bush fires) 
 
 Vegetation type  Early (Mt)  Middle (Mt)  Late (Mt)  Total (Mt) 
 Fallow field 0.008 0.014 0.014 0.035 
 Grass savanna 0.061 0.007 0.061 0.182 
 Shrub savanna 0.150 0.186 0.136 0.472 
 Savanna woodland 0.180 0.245 0.211 0.637 
 Dry forest 0.157 0.236 0.228 0.622 
 Gallery forest   0.006  0.006 
 Total  0.556 0.748 0.650 1.954 
One Megaton (Mt) equals one million tons 
 
5.3.2.2. Regional production of carbon dioxide  
The regional CO2 contribution for the entire dry season of 2006/07 is estimated at 
20.1 Mt (Table 5.23). Concerning the seasonal distribution, the CO2 emissions slightly 
decreased from 11.258 Mt in the early dry season burning to 8.182 Mt in the middle dry 
season and dramatically decreased to 0.659 Mt in the late dry season (Table 5.23). The 
distribution of the emission by land cover type shows that the maximum emissions are 
generated from shrub savanna, savanna woodland, and dry forest (Table 5.23).  
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Table 5.23. Emission of CO2 (Megaton) by vegetation type and dry season period in the 
sudanian savanna zone in northern Côte d‟Ivoire 
 Vegetation type  Early (Mt)  Middle (Mt)  Late (Mt)  Total (Mt) 
 Fallow field 0.122 0.106 0.026 0.253 
 Grass savanna 0.965 0.192 0.027 1.184 
 Shrub savanna 3.803 1.476 0.191 5.470 
 Savanna woodland 3.765 1.509 0.183 5.457 
 Dry forest 2.693 3.957 0.233 6.792 
 Gallery forest   0.943  0.943 
 Katiali  11.258 8.182 0.659 20.100 
One Megaton (Mt) equals one million tons 
 
The mean production of CO2 for one hectare of vegetation burned varies by 
vegetation community and by dry season (Table 5.24). The majority of CO2 is produced 
during the middle dry season fires with 780 t/ha. The mean production is estimated at 639 
t/ha in the early and 634 t/ha in the late dry season. The contribution of grass savanna is 
the highest (839 t/ha) followed by savanna woodland (781 t/ha), dry forest (708 t/ha), and 
shrub savanna (683 t/ha), gallery forest (420 t/ha) and fallow field (280 t/ha).  
Scenarios based on the assumption that the majority of biomass burning takes 
place during the middle or late dry season and using areas burned in the early dry season 
(Table 5.16) as those burned in the middle and late dry season, show that emissions 
increase by the factor of 1.34 between early and middle dry season. Emissions also 
increase between early and late dry season by the factor of 1.14 (Table 5. 25).   
 
Table 5.24. Production of CO2 (t/ha) by vegetation type and burning season, Katiali 
 Vegetation types  Early (t/ha)  Middle (t/ha)  Late (t/ha)   Dry season (t/ha)  
 Fallow field 216 385 394 280 
 Grass savanna 839 839 839 839 
 Shrub savanna 649 808 589 683 
 Savanna woodland 720 979 842 781 
 Dry forest 562 845 816 708 
 Gallery forest   488   420 
 Total  639 780 634 689 
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Table 5.25. Scenarios of CO2 emission (Megatons) by vegetation classes and dry season 
period with assumption that the same areas burned in the early dry season burn in the 
middle and late dry season (Assumption of intense middle and late dry season bush fires) 
 
 Vegetation type  Early (Mt)  Middle (Mt)  Late (Mt)  Total (Mt) 
 Fallow field 0.122 0.218 0.222 0.562 
 Grass savanna 0.965 0.965 0.965 2.895 
 Shrub savanna 3.803 4.733 3.449 11.985 
 Savanna woodland 3.765 5.122 4.403 13.290 
 Dry forest 2.693 3.909 3.778 10.290 
 Gallery forest   0.097  0.097 
 Total  11.258 15.044 12.817 39.120 
One Megaton (Mt) equals one million tons 
 
 
Conclusion 
Biomass burning is composed of physical and chemical processes divided into 
three distinct phases: fire ignition, flaming and smoldering. The majority of carbon 
monoxide is produced during the smoldering stage while the majority of carbon dioxide 
is produced during the flaming stage.  
Contemporary biomass burning increasingly takes place in the early dry season. 
Over the period 1970-2009, the population of Katiali increased in number and diversified 
in terms of socio-professional groups. The growing number of Fulani livestock producers 
and their herds resulted in new uses (grazing) and burning practices, notably the setting 
of early dry season fires for pasture regrowth. At the same time, farmer‟s ownership of 
cattle increased with the adoption of ox plowing. Farmers also diversified their 
agricultural activities by planting cashew and mango orchards.   
Increased burning during the early dry season as opposed to middle and late dry 
season burning has refashioned the sudanian savanna into a more complex and 
differentiated landscape. Grass and herbaceous biomass has diminished over time 
because of the combined effects of grazing pressure and early burnings. The reduced 
biomass load and unburned patches and less intense fires have altered tree/grass 
competition in favor of trees. As result, more woody savanna vegetation types 
increasingly dominate the landscape.  
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Real-time measurements of gases in experimental plots show that greenhouse gas 
production varies by vegetation community and by dry season period. The majority of the 
emissions occur in the middle and late dry season during which burning is more intense 
and efficient. Grass savanna, shrub savanna, and savanna woodland, emit more carbon 
monoxide and carbon dioxide than fallow fields, dry forest and gallery forest.  
The major greenhouse gas emitted during the entire dry season from biomass 
burning in the sudanian savanna zone is carbon dioxide (88%) while only a low level of 
carbon monoxide is released (12%). This information suggests that the prevalent 
combustion process in the sudanian savanna is the flaming stage. The smoke emitted 
from the sudanian savanna fires is in majority a product of flaming combustion, which 
quickly burns available fine fuels leading to flames of up 2 m. This knowledge is very 
important in making distinction between the types and amount of fuels that really burn 
during the passage of fire and biomass density constantly used in the equations to 
calculate the total greenhouse gas emissions. The knowledge is also useful to reveal 
potential constraints and opportunities for climate change linked to biomass burning. 
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CHAPTER 6: CONCLUSION 
 
Introduction 
Global warming poses environmental problems unprecedented in human 
experience and has rightly received much attention over the past two decades 
(Demangeot 1995; Parsons 1995; Daniel et al. 2001; IPCC 1990, 1996, 2003, 2006; 
Simms et al. 2004). Climate change science raises major concerns about increased water 
vapor in the atmosphere, the melting of polar ice caps, an increase in sea level, a massive 
loss of biodiversity, declines in agricultural production, increased precipitation at higher 
latitudes, and decreased rainfall in the tropics (Parsons 1995; Wuebbles and Rosenberg 
1998; IPCC 2003, 2006; Simms et al. 2004).  
Scientists and policy makers believe that the most efficient way to protect the 
earth against the negative effects of climate change is to reduce the rate of greenhouse 
gas emissions into the atmosphere. A first step is to inventory all the sources and sinks of 
greenhouse gases, then to estimate all the greenhouse gas and aerosol productions by 
source of emission, and to implement carbon mitigation strategies (IPCC 2003; UNFCCC 
2009).  
Industrial countries of the global North are historically and presently the major 
emitters of greenhouse gases. Rather than reduce emissions, many governments seek 
ways to mitigate the greenhouse effect through carbon sequestration schemes like 
REDD+. At the same time, the tropical regions of the global South are described as major 
sources of greenhouse gases, mainly through the clearing of tropical rainforests and from 
biomass burning.  Tropical Africa, in particular, is viewed in the climate change literature 
as the “burn center” of the planet where very intense middle and late dry season fires 
burn large amounts of biomass and emit great quantities of gases and aerosols. Therefore, 
African governments, especially West African authorities must do everything they can to 
stop people from setting savanna fires because the health of the planet is at stake.  
This dissertation argues that these statements on biomass burning and its 
outcomes may be exaggerated. Through an examination of burning practices among rural 
land users in northern Côte d‟Ivoire, this study presents an alternative representation and 
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understanding of savanna fires and their effects. New burning practices have emerged 
since the early 1970s in the West African savanna zone that have led to bush 
encroachment, low greenhouse gas emission, and more carbon dioxide sequestration 
through plants‟ photosynthesis than attributed to the system. These findings contrast with 
the environmental change narrative of West Africa as the “burn center” of the planet that 
currently dominates the climate change literature. 
This research took a political ecological approach to further our understanding of 
the dynamics of burning regimes in the sudanian savanna of Côte d‟Ivoire. It presents a 
more accurate assessment of the contribution of biomass burning in the sudanian savanna 
ecosystems of the Katiali region to greenhouse gas emissions. Research methods included 
household surveys, participant observation, vegetation analysis, and real-time gas 
measurements in experimental plots during the early, middle, and late dry season periods, 
and fine resolution satellite image interpretation.  
This concluding chapter discusses the significance and the implications of the 
case study of Katiali. The chapter also makes recommendations to policy makers, 
researchers, and resources users to improve greenhouse gas accounting, burning policies, 
adaptation measures, and carbon mitigation strategies. 
The case study of Katiali advances our understanding of the relationship between 
biomass burning and greenhouse gas emissions in three ways. First, Katiali is 
representative of burning regimes located in the Sudanian savanna zone where the 
majority of burning takes place and where rural farmers, hunters, and herders regularly 
use fire to manage natural resources. Second, the results of this case study challenge 
human-environmental orthodoxies about burning practices and makes important policy 
recommendations that can reverse the trend of greenhouse gas emissions as well as 
protect rural livelihoods. Third, the dissertation‟s findings offer a counter-narrative to the 
prevailing view in the global climate change literature that casts farmers, herders, and 
hunters as environmental villains (Forsyth and Walker 2008).  My political ecological 
analysis casts these actors and their practices on a firmer scientific footing. 
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6.1. Neo-Malthusian perspectives and ecoscarcity arguments 
The neo-Malthusian perspectives along with the ecoscarcity arguments were 
discussed in the review of literature (Chapter 1). In summary, the neo-Malthusian concept 
argues that increasing population pressure on resources leads to more burning, increased 
greenhouse emissions, and more global warming. In the same vein, the ecoscarcity 
argument states that the increase in human population puts pressure on resources and 
results in resource scarcity (Robbins 2004). This neo-Malthusian argument is often 
conceptualized in formulaic form such as the IPAT model in which environmental 
impacts (I) are a product of population growth (P), affluence (A), and technology 
development (T) (Robbins et al. 2010: 16). This conceptual framework argues that 
environmental degradation is the outcome of population growth and technological 
developments that increase pressure on natural resources.  
Despite these general statements, previous research findings show that population 
growth is the root of innovation and leads to a search for alternatives and new ways of 
making more from less (Bassett and Koné 2008; Robbins et al. 2010). The neo-
Malthusian assumptions and associated concepts that inform the ecoscarcity argument 
inhibit our understanding of the social, economic, and ecological dynamics driving 
biomass burning and greenhouse gas emissions in West Africa.  
The case of Katiali is illustrative. First, although the number of people and 
professions linked to biomass burning activities has increased over time, greenhouse gas 
emissions have declined. The population of the village of Katiali was estimated to be 
1,600 inhabitants in 1981. The village size grew to some 2,600 people in 2001 and 3,152 
in 2007. In addition, an important number of FulBé and agricultural migrants live in 
several settlements in the Katiali region. The socio-professional composition of the 
population increasingly diversified and the number of people involved in different 
professions (farming, cattle raising, honey collection, hunting) linked to biomass burning 
increased. 
Second, in the neo-Malthusian concepts and ecoscarcity arguments, there is little 
information on the motivations of resource managers to engage in burning, especially the 
timing of burns. Prior to the 1970s, hunters and farmers burned the savanna during the 
mid- to late-dry season to drive game and to prepare their fields for cultivation. 
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Beginning in the 1970s, cattle grazing pressure increased in the region. Pastoralists set 
fires during the early dry season to produce nutritious grass regrowth for their cattle. 
Farmers and herders increasingly set fire during the early dry season. They regularly set 
fires in the morning or in the evening. Hunters in contrast set fires in the middle to late 
dry season fires. They usually set fire in the middle of the day.  
Although population densities increased as a result of this immigration, 
greenhouse gas emissions have declined as a result of the interactive effects of cattle 
grazing and early burning, and tree planting (Fig. 6.1). Figure 6.1 illustrates these effects 
in the context of the transhumance corridor delineated in the 1970s by the Ivorian 
government. The aim of the corridor is to channel herd movements between rainy and dry 
season pastures. The combination of the highly mobile cattle raising, tree planting, and 
early burnings have led to small fires that the MODIS 1 km
2
 spatial resolution cannot 
detect. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  6.1. “In the savannas of West Africa, thousands of fires were detected by the Moderate 
Resolution Imaging Spectroradiometer (MODIS) on NASA‟s Aqua satellite on December 18, 
2005”. Only a few fires were detected on this image within the box, which delineates the 
transhumance corridor. The interactive effect of highly mobile cattle grazing, early burning, and 
tree planting leads to small size fires that MODIS 1 km
2
 spatial resolution cannot detect.   
 
Source: http://earthobservatory.nasa.gov/NaturalHazards//natural_hazards_v2.php3?img_id=13288  
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Third, depending on the objective of the burning, bush fires take place in different 
vegetation communities and dry season periods. The majority of the landscape is burned 
during the early dry season. The early dry season burning generates lower amounts of 
greenhouse gases than if the same areas were burned in the middle or late dry season. For 
example, the production of CO increases by a factor of 1.35 when the area burned in the 
early dry season is burned in the middle dry season and increases by a factor of 1.17 and 
burned in the late dry season. The production of CO2 increases by a factor of 1.34 from 
the early to mid dry season and by a factor of 1.14 from the early to late dry season 
(Tables 5.23 & 5.26). In addition, amount of greenhouse gasses varies by vegetation 
community. Grass savanna, is the largest producer of greenhouse gases and is followed in 
a decreasing order by shrub savanna, fallow field, savanna woodland, gallery forest, and 
dry forest (Appendix L & M). These distinctions in the timing and effects of burning 
counter the simplistic neo-Malthusian perspective as well as the “burn center” narrative. 
 
6.2. The environmental narrative of West Africa as a “burn 
center” of the planet  
Environmental narratives reduce complex environmental change processes to 
simple cause and effect relationships.  One such narrative commonly encountered in the 
scientific literature views tropical Africa as the “burn center” of the planet (Levine et al. 
1999; NASA 2005a,b) (Fig. 6.2). Biomass burning is said to take place mainly in savanna 
regions north of the equator. The burn center narrative views the burning of African 
savannas as a major source of greenhouse gas emissions. The image of tropical Africa as 
a “burn center” is driven by the assumptions that the region produces large amounts of 
biomass likely to burn. Burning is believed to take place during the middle and late dry 
seasons and result in the emission of great quantities of greenhouse gases.  
Environmental narratives or orthodoxies may fail to address the real causes of 
environmental problems and lead to misconceived strategies and policies that 
unnecessarily restrict the livelihoods of many residents in West Africa (Robbins 2004; 
Forsyth 2004; Forsyth and Walker 2008: 4; Robbins et al. 2010). The research shows that 
the “burn center” narrative is problematic for several reasons.  
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Fig. 6.2. NASA map of the global distribution of fire. The caption of this image states “Africa is 
the fire center of our planet with more biomass burned on an annual basis than anywhere else. 
The image shows the global distribution of fires, represented by red, orange, and yellow dots 
(lighter colors indicate more fires). The image is based on nighttime measurements obtained by 
the DMSP Operational Linescan System.” 
 
Source: http://earcthobservatory.nasa.gov/Library/BiomassBurning/printall.php  
 
First, the “burn center” narrative simplifies the African savanna as an 
undifferentiated “biomass.” It fails to consider the diversity of savanna vegetation 
communities, which in northern Côte d‟Ivoire include grass savannas, shrub savanna, 
savanna woodlands, dry forests, and gallery forest, and a variety of annual and perennial 
crops, such as cashew and mango (Hoffmann 1985; Riou 1995; Bassett and Koné 2008; 
Koné et al. 2008; Bassett and Koné 2012). This plant community diversity is important 
when considering the effects of fire on vegetation cover, greenhouse gas emissions, and 
the potential for carbon sequestration. In addition, the scientific literature argues that a 
large area of savannas is frequently burning. In reality, large swathes of forest and 
savanna landscapes do not annually burn every year. Our research shows among a total 
area of 46,370 hectares spread across different vegetation types, 29,159 ha burned and 
17,211 ha did not burn during the 2006/07 dry season (Table 6.1).  
Second, the narrative‟s emphasis on highly destructive fires ignores the changes 
that have occurred in burning regimes of the sudanian savanna (Nguyen et al. 1993: 209-
210; Cros et al. 2000: 29, 348). The narrative assumes that most burning takes place 
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during the middle and late dry season periods when, in fact, most burning takes place 
during the early dry season. The results of the research also demonstrate that fire intensity 
and combustion completeness vary by vegetation type and by dry season period. They 
also vary across different vegetation types for a given dry season period.  
 
Table 6.1: Area burned and unburned (ha) by vegetation type, Katiali, 2006/07  
 
 Vegetation types Area burned (ha) Not burned (ha) Total (ha) 
 Fallow field 905.04 1421.73 2326.77 
 Grass savanna 1411.65 340.56 1752.21 
 Shrub savanna 8009.55 3851.95 11861.5 
 Savanna woodland 6989.94 3176.86 10166.8 
 Dry forest 9597.15 6563.55 16160.7 
 Gallery forest 2246.13 1855.98 4102.11 
 Total (ha) 29159.46 17210.63 46370.09 
 
Third, despite the statements regarding large amounts of greenhouse gas 
emissions in the burn center narrative, there is a scarcity of data on the quantity and type 
of greenhouse gasses emitted from the savannas of West Africa. Only a few studies exist 
on greenhouse gas missions from savanna fires (Nguyen et al. 1993; GES-CI 1996: 21; 
Cachier et al. 1995; Liousse et al. 1995; Gaudichet et al. 1995; Rudolph et al. 1995; 
Masclet et al. 1995; Bonsang et al. 1995; Lacaux et al. 1995; Koppmann et al. 2005: 
10465). A problem with these existing data is that they are experiment station based and 
were conducted in the Guinean savanna in central Côte d‟Ivoire, which is just one of 
many savanna environments in Côte d‟Ivoire. As such they do not reflect the land use 
practices of farmers and herders across the savanna zones of West Africa. These data are 
not representative of all the Ivorian and West African savannas and of local burning 
practices.  
In summary, the neo-Malthusian perspective, the ecoscarcity argument and the 
burn center narrative are problematic representations and explanations of fire and its 
effects in the West African savanna. They conceal more than they reveal about the 
dynamics of savanna burning. 
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6.3. Constraints and opportunities of biomass burning for 
greenhouse gas mitigation 
Biomass burning takes place in the context of local resource management 
strategies linked to the livelihoods of rural populations. Understanding social, and 
ecological dynamics driving biomass burning reveal possible constraints and 
opportunities for greenhouse gas emissions as well as opportunities and constraints for 
mitigation strategies and adaptation measures. 
 
6.3.1. Constraints for gas emissions and carbon sequestration  
The middle and late dry season periods burning activities as well as burnings that 
take place in the middle of the day from 9:00 am to 6:00 pm are of great concern for gas 
and particle emissions because middle dry season burnings are intense, efficient, and 
release large amounts of gaseous products and particles into the atmosphere. 
Experimental data show that CO and CO2 emissions are higher in the middle and late dry 
season periods than in the early dry season.  
The major constraint for carbon sequestration is located in the middle of the dry 
season (January and February) because the vegetative growth during these periods is 
dramatically reduced because of the negative effects of the harmattan such as the absence 
of rains, very low air humidity, high temperature and increased evapotranspiration of 
plants. In addition, the heat of fires in the middle and late dry seasons, and in the middle 
of the day from 9:00 am to 6:00 pm negatively effect plant root systems, undermines the 
process of seedling regeneration and regrowth after middle dry season burning, and slows 
down carbon dioxide uptake through photosynthesis. Plants resprout more quickly during 
humid conditions than in dry and hot conditions.  
Additional constraints on greenhouse gas mitigation are associated with some 
vegetation types because they burn more and emit higher level of greenhouse gases. 
Large areas of fallow, grass savanna, shrub savanna, and savanna woodland are annually 
burned. These vegetation types also release large amounts of greenhouse gases. Middle 
and late dry season fires are typically set by hunters who burn the savanna to flush out 
game. These intense and efficient fires produce the highest level of greenhouse gasses.  
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6.3.2. Opportunities for gas emissions and carbon sequestration  
This study shows that the majority of biomass burning takes place during the 
early dry season. Bush fires that occur early in the dry season, in the morning, and in the 
evening are least intense and the most inefficient. These burnings are less destructive to 
living vegetation and release fewer greenhouse gases into the atmosphere. About two 
weeks after early dry season fires, the vegetative growth of trees and perennial grass 
species begins and lasts longer.  
The study shows that farming and pastoral systems have led to bush 
encroachment over the last 40 years in the Ivorian sudanian zone. The resulting increase 
in tree vegetation cover potentially sequesters more carbon dioxide. In addition, the 
diversity and complexity of savanna ecosystems present opportunities for carbon 
mitigation. Overall, dry forest and gallery forest fires emit fewer amounts of gases and 
sequester large amounts of carbon dioxide. Also, the new burning regime conditions and 
the decline in the availability of the fuels likely to burn mainly due to cattle grazing and 
the expansion of agricultural fields produce fewer greenhouse gases into the atmosphere.  
The expansion of tree plantations is another opportunity for reducing carbon 
emissions. Cashew and mango plantations have significantly increased since the early 
1990s in the savanna regions of Burkina Faso, Côte d‟Ivoire, and Mali. These plantations 
do not burn during the dry season periods because they are protected from bush fires. 
These protected areas release no gases and aerosols into the atmosphere. In addition, 
cashew, mango, and orange orchards sequester important amounts of carbon from the 
atmosphere over the years without interruption and their root systems stock carbon in the 
ground.   
Local fire management practices are also an opportunity for climate change 
mitigation. Farmers use wind direction to control burning. Depending on their objectives, 
resource users set fires in the direction or in the opposite direction of the wind. When fire 
is set in the direction of the wind, burning is intense, efficient, and releases more gases 
and particles. When fire is ignited in the opposite direction, burning is less intense and 
inefficient, and releases fewer gases and particles. Early dry season and early morning 
and early evening bush fires are examples of controlled burnings that avoid intense fires 
and crop damage.  
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The integration of farming and livestock raising systems is a win-win strategy for 
farmers and herders. On the one hand, herders ask authorization from farmers to let cattle 
graze harvested fields. On the other hand, cattle fertilize farmland with their manure. 
When abandoned to fallow, seedlings quickly invade these landscapes. In addition, cattle 
grazing dramatically reduces crop residues likely to burn before the next farming cycle. 
The effect of grazing is to lower greenhouse gas emissions and to increase carbon 
sequestration in agricultural fields.  
In short, a better understanding of current local farming, hunting, herding, and 
burning practices reveals many opportunities for climate change in terms of carbon 
emission and mitigation.  
The constraints and opportunities linked to biomass burning are very important in 
making recommendations that aim to improve the knowledge as well as to reverse the 
trend of greenhouse gas emissions and climate change problems. The first 
recommendation seeks to improve different models used and field based coefficients. The 
second recommendation calls for the integration of local knowledge and practices into 
climate change science. The third recommendation links strategies aimed at mitigating 
the maximum carbon from the atmosphere with strengthening rural livelihoods. 
 
6.4. Improvement of models and data collection methods  
The greenhouse gas data collected from biomass burning experiments in protected 
areas differ from those gathered in areas managed by local resource users. Coefficients 
collected in these two different places differ because of contrasting biomass loads and 
burning practices when fires are set. In addition, measurements from aircraft are more 
likely to assess emissions from diverse sources in contrast to fires only (Fig. 6.2). The 
smoke from bush fires quickly diffuses in the air as it goes far from the fire plume. 
Instruments cannot accurately measure burning emissions unless the probe is very close 
to the fire plume (Fig. 6.2). Also, samples taken at higher altitudes do not distinguish 
vegetation types in which burning took place. The Katiali case study suggests that the 
most efficient ways to collect accurate data and coefficients is at the local level. Data 
must be collected in places where local rural resource managers usually set fire to 
manage their lands. 
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Another concern relates to the limited number of fire and greenhouse gas 
emission studies. The coefficients used in models stem from experiments conducted in 
laboratories or in a few savanna ecosystems. These parameters are then extrapolated to 
regional and global scales. To improve the quality of greenhouse gas data, researchers 
need to systematically record information during real-time burning experiments close to 
fire plumes. More and better data generated through repeated measurements in several 
savanna ecosystems are necessary to estimate the different coefficients that can be used 
in climate change models. 
 
 
 
 
 
 
 
 
 
Fig. 6.3. Aircraft measurement (A) and experimental plot data collection (B) methods  
Source: Sinha et al. 2004 (Fig. 6.2 A) 
 
Another problem with the models used to estimate greenhouse gas emissions 
concerns the multiple uncertainties associated with them. The first uncertainty concerns 
the accuracy of coefficients used to calculate the contribution of biomass burning-
induced greenhouse gas emissions in climate change models. The most widely used 
method of quantification of gases and aerosols is based on a mathematical equation given 
by Seiler and Crutzen (1980) (Liousse et al. 2004; Jain et al. (nd); Koppmann et al. 2005). 
The general equation to quantify the gas and aerosol species X is as follows:   
 
 
 
 
Emission (tons) = Area (ha)*Fuel (tons/ha)*Completeness (%)*Emission Factor (g.kg-1)*10-3                      
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Greenhouse gas emission estimates can be improved by collecting more accurate 
data in individual regions by linking local measurements, satellite imagery techniques, 
and modeling procedures. The analyses of fine spatial resolution satellite images allow 
one to detect different vegetation classes and burning scars of all sizes. The most accurate 
way to collect information on fuel load is through field measurements. Intensive 
fieldwork allows one to identify, inventory, and weight biomass likely to burn in different 
vegetation communities instead of using biomass density. The most accurate combustion 
completeness and emission factors must also be generated in the field in diverse savanna 
landscapes and for different burning periods. Findings from these studies must regularly 
be updated because the social, political, and economic conditions driving land use and 
land cover change are never static. 
There are three compelling reasons for recommending the integration of the West 
African savanna ecology and burning regimes into climate models. First, the suggested 
integration will allow replacing previous data collection methodologies with improved 
ones. Second, coefficients used in climate models will be more representative of West 
African ecosystems. Third, accurate methodologies and parameters will decrease 
uncertainties of climate change linked to biomass burning through accurate assessment of 
different emissions. 
Despite the important efforts already made to inventory and estimate the 
contribution of tropical African savanna fires to the global emissions, our knowledge of 
greenhouse gas emissions from West African savannas is still poor. The identification 
and integration of the new burning regimes and the differentiated savanna plant 
communities are critical to estimate greenhouse gases, chemically active gases, and 
particles. The integration of savanna ecology and burning regimes to the efforts of 
national inventories and estimates will result in better understanding and quantification of 
the contribution of biomass burning in West Africa.  Ecological models may be the best 
way to accurately estimate greenhouse gases in West African than the regional and global 
models. 
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6.5. Ecological models for greenhouse gas emissions accounting 
To advance our understanding about the amount of greenhouse gas generated 
from savanna fires, we need to improve the models that make these estimates. Most 
modeling is conducted at the global and continental scales and using Global Circulation 
Models (GCMs). The GCMs aggregate different savanna vegetation communities into 
one savanna zone. In doing so, coefficients used in models are inaccurate, greenhouse gas 
estimates are overestimated, and uncertainties increase.  
This study‟s findings recommend the use of ecological models to estimate 
greenhouse gas emissions. Ecological models are models that integrate different 
vegetation classes of a single ecological zone. An ecological approach is more sensitive 
to the diversity of vegetation communities including fallow field, grass savanna, shrub 
savanna, savanna woodland, dry forest, and gallery forest. The scale of ecological 
modeling is also consistent with the Tier 3 of the IPCC. Additionally, the ecological 
model can easily integrate burning regimes prevailing in different ecological zones. It is 
important to integrate savanna diversity because fire intensity, burning efficiency, 
greenhouse gas emissions vary considerably depending on the type of vegetation. Further 
studies in many localities are necessary to establish more accurate coefficients that 
capture the diversity of land use practices, burning regimes, and different savanna 
environments. 
Data must be collected at the local scale in several locations and then scaled up to 
the ecological region level during the estimates of greenhouse gas emissions. At the 
ecological region level, some vegetation classes can be merged: agricultural fields, fallow 
field and grass savanna can be merged; shrub savanna and savanna woodlands can be 
aggregated; dry forest and gallery forest can also be merged. The recommendation to 
merge some land cover classes is due to problems linked to the spectral detection of 
vegetation features at coarser spatial resolutions used at the regional scale.  
Satellite images are very important to climate change and biomass burning 
analysis, especially in estimating areas burned. The most useful satellite image spatial 
resolutions are 30 m or less at the local scale and 250 m to 500 m for regional ecological 
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emission analysis. Burnings and vegetation communities cannot be easily detected in 
coarse spatial resolutions.  
 
6.6. Integration of local knowledge, practices, and perspectives 
into climate change science, laws, policies, and regulations   
The case study of Katiali shows that the burn center narrative impedes 
understanding of burning practices and outcomes due to its assumptions on the timing 
and type of vegetation burned. In contrast to the assumptions conveyed in the “burn 
center” narrative, current burning practices in West Africa are producing less greenhouse 
gas emissions than assumed.  
Local practices, knowledge, and perspectives of West African rural farmers, 
hunters, and herders must be integrated to the climate change science to replace 
misconceived assumptions, narratives, and perspectives. The consideration of local 
knowledge and burning practices will provide better understanding of biomass burning 
that will enable climate change scientists and policy makers to make more 
environmentally sound and socially just policies, rules, and strategies.  
The neo-Malthusian perspectives and the ecoscarcity arguments along with the 
“burn center” narrative describe savanna burning as a maladaptive practice. Resource 
users, mainly farmers, herders, and hunters are presented as reckless people who 
mismanage the land leading to degradation. The implications of such views result in 
environmental policies, regulations, and laws that restrict or ban rural producers‟ resource 
management practices such as biomass burning.  
The findings of this study provide the basis of a counter-narrative that recognizes 
the diversity of savanna plant communities, burning practices, and outcomes. Informants 
indicated during interviews that the Ivorian anti burning policies and regulations inherited 
from the colonial era restricted their use of fire and lead to uncontrolled burning practices 
during the dry season. Therefore, environmental laws, polices, and regulations that 
discourage or forbid burning and inflict penalties on rural peoples who use fire as a 
resource management tool can be counterproductive if the outcomes of burning are not 
what they are presumed to be. The results suggest that a rethinking of such policies is 
urgently needed because law, policy, and regulation that do not take into account the 
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interests of local people threatens their livelihoods and generate unnecessary conflicts 
over access to and use of resources (Forsyth and Walker 2008).  
 
6.7. Linking biomass burning, socioeconomic vulnerability, 
adaptation measures, and mitigation strategies  
This section makes some recommendations useful to minimize constraints and 
maximize opportunities that biomass burning offers for global climate change. Societies 
have a long record of adjusting to social and economic vulnerabilities through practices 
that include crop diversification, irrigation, and water management to reduce 
vulnerability or to enhance resilience in response to observed or expected changes (IPCC 
Ch. 17: 720). Current burning practices observed in West Africa are linked to the 
strategies rural populations to reduce their social and economic vulnerabilities. In West 
Africa, rural populations responded to political-economic difficulties that made cotton 
growing increasingly less attractive through agricultural diversification, notably tree 
plantation and livestock raising (Bassett and Koné 2008). Changes in burning regimes are 
linked to these new land use strategies.  
Climate change and variability in West Africa is likely to result in higher air 
temperatures (IPCC 2004). The greater heat and dryness during the dry season period will 
likely increase and thus expose more biomass to severe fires. Adaptation measures must 
include policies that allow for early burning which is known to be less severe. Policies to 
improve rural livelihoods should focus on increasing the producer‟s share of prices 
received for cashew, mango, and karité nuts in local, national and international 
commodity chains. Food crop as well as cash crop diversification incentives will also be 
beneficial to rural population as poverty alleviation and hunger reduction strategies. 
Further integration of farming and cattle raising activities will be highly beneficial 
to farmers, herders, and maximize opportunities for reducing greenhouse gas emissions 
and carbon sequestration. The cooperation between farmers and herders establishes better 
understanding among people in the same ecological setting and develops their ability to 
negotiate middle dry season burning as herders of Katiali region argued that dry grasses 
in the middle dry season are good fodder for cattle and herders in the sahelian zone use 
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those grasses to feed their cattle as well. The preservation of dry grasses to be used as 
fodder for cattle grazing in the middle dry season will decrease middle dry season 
savanna fires. Also farmers complained about herders‟ practices of cutting down trees to 
build enclosures for cattle. Wealthy farmers created a new animal enclosing system 
during the rainy season based on fencing. The new barbed wire fencing system in the 
Katiali region preserves trees and soils for farming as well as carbon mitigation.  
 
 
 
 
 
 
 
 
 
Fig. 6.4. Women returning from the bush after harvesting Parkia biglobosa fruits (A). A woman 
selling Parkia biglobosa nuts in the Katiali market (B)  
 
Ecologically efficient and socially just burning policies must associate rural 
resource users such as farmers, hunters and herders during their formulation. The 
example of Parkia biglobosa tree management strategy in the Katiali is a good example 
to follow. The region‟s hunters‟ society (donzoton) is in charge of managing Parkia 
biglobosa trees in the region. No one is allowed to collect the products before the general 
authorization given by the hunters‟ society. In conjunction with the land priests and 
village chief of Katiali, the hunters‟ society sets the date for the beginning of Parkia 
biglobosa harvest. Anyone breaking this rule is subject to a fine composed of 20 000 
francs CFA (about $40) and a goat. Women start collecting and selling the néré products 
as soon as the date is officially announced by the hunting society (Fig. 6.3). All the 
villagers strictly follow the rule because it allows Parkia biglobosa fruit to fully ripen. 
Villagers also claim that the rule is fair and to everyone‟s benefit. Such a rule is also 
amenable to carbon mitigation policy and can be encouraged and expanded to several 
other resources in different ecological regions.  
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Conclusion 
The political ecology approach was used to investigate the relationships between 
biomass burning, land cover, and greenhouse gas emissions in the sudanian savanna in 
northern Côte d‟Ivoire. The political ecological approach is an analytical and 
methodological framework that examines the historical, social, political, economic, and 
biophysical processes driving nature-society relations at different levels of analysis. The 
approach typically investigates themes such as marginalization, struggles over resources, 
social justice, power relations, and environmental regulations.  
The research methods used during this case study bridge the geospatial 
technologies (remote sensing, GIS), statistical software systems (SPSS), and social 
sciences (surveys of household and village-level perceptions and practices of burning) to 
advance knowledge of biomass burning and greenhouse gas emissions. The research 
focused on local knowledge, environmental history, culture, multiscale politics, and 
socially differentiated resource management practices.  
The case study of the Katiali region shows that our knowledge of greenhouse gas 
emissions from West African savannas is poor. Only a very few studies exist and there is 
no reliable data for most of West Africa. The burning regimes study shows that new 
farming and herding activities, and practices as well as burning practices have emerged 
since the early 1970s in the Ivorian sudanian savanna zone. Farmers and pastoralists 
increasingly use fire early in the dry season. The land cover analysis shows that the 
sudanian savanna is a complex and differentiated landscape composed of several 
vegetation communities. The carbon monoxide and carbon dioxide measurements in 
experimental plots indicate that emissions vary by vegetation types and dry season 
period. The knowledge of burning regimes is critical to estimating greenhouse gas and 
particulate matter emissions from bushfires. Climate modelers must take into account 
different burning periods, burning intensities, and combustion efficiencies. The 
complexity and the diversity of savanna ecosystems must also be considered and 
integrated into emission models for West Africa.  
The political ecology critique of climate change science examined different 
assumptions, narratives, uncertainties, and inaccuracies. Fire is viewed as a disturbance 
for savanna ecosystems and a major producer of greenhouse gases and aerosols. Peasant 
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farmers are blamed for setting fires, which are believed (1) to take place during the 
middle and late dry seasons, and (2) to be very intense and efficient burnings that release 
large concentration of greenhouse gases into the atmosphere. The findings of this 
dissertation suggest that these statements and their underlying assumptions are 
exaggerated. The case study indicates that current burning practices lead to bush 
encroachment and relatively low greenhouse gas emission. The increased vegetation 
observed in savanna is a major sink for carbon dioxide. The photosynthetic uptake of 
carbon dioxide from the atmosphere increasingly decreases carbon concentration from 
the atmosphere. This knowledge has very important implications in terms of laws, 
policies, and regulations that negatively affect rural livelihoods in West Africa. Biomass 
burning is a very important component of the West African agricultural and pastoral 
systems. In the savanna ecological region, farmers, hunters, and herders currently use fire 
in the early dry season as a tool to manage natural resources. Any laws, policy, or 
regulation that forbids or restricts the use of fire, must carefully assess the effects of such 
actions on greenhouse gas emissions as well as on the livelihoods of millions of people in 
West Africa. The results of the Katiali case study recommend the integration of local 
knowledge, practices, and perspectives into climate change models, adaptation policies, 
and carbon mitigation strategies on the basis of their scientific and environmental justice 
merits. 
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Appendix A. Rainfall of Niofoin for the period 1976-2006
 Years  Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec  Total
1976 162.9 191.5 215.1 120.4 200.3 212.9 81.1 0 1,184.20
1977 17.7 3.5 9.7 55.1 184.1 186 74.2 258.3 245.5 130.6 3.7 0 1,168.40
1978 0 4.3 164.2 173.8 153 95.6 141.8 104.7 94.9 98.3 9.5 0 1,040.10
1979 10 0 34.2 21.1 177.1 199.6 179.5 262.5 245.3 56.9 62 0 1,248.20
1980 45.8 0 0 129.2 124.2 134.5 228.5 237.2 191.8 94.6 14.8 20 1,220.60
1981 0 40.3 54.4 7.1 163.4 125.4 316.9 232 154.8 37.4 0 0 1,131.70
1982 0 19 80 49.8 28.5 135.2 257.2 220.3 129.7 139.5 0 0 1,059.20
1983 0 20.7 0 63.3 46.9 137.3 162.8 219.7 116.9 19 0 29.8 816.4
1984 0 0 108.7 43.3 73.6 183.9 141.7 180.2 134.6 97.4 23.2 0 986.6
1985 0 0 36.8 16.5 182.1 155.8 319.5 440.1 248.4 140.8 23.5 0 1,563.50
1986 0 16.1 0.8 34.4 129.7 136.6 204.9 309 267.6 51.2 23.1 0 1,173.40
1987 1.5 4.8 23.4 10.5 127.9 104.9 94.2 363.2 157.9 77.2 0 0 965.5
1988 0 0 35.5 36.8 54.2 174.7 283.4 254.2 225.8 76.1 8 0 1,148.70
1989 0 7 12.7 27.3 130.3 93.4 222.6 263.5 128.8 48.3 11 13.1 958
1990 3.4 0 0 112.2 145.3 85.5 311.1 134.4 99 51.6 39.8 0 982.3
1991 0 0 40.9 159.2 218.4 84.9 224.4 350.7 85.5 120.4 10.4 0 1,294.80
1992 0.4 0 7.5 85.1 175.9 104.1 199.2 240.5 158.4 101 30.7 0 1,102.80
1993 0 0 77 155 78 63 134 245 161 68 15 0 996
1994 4 63 0 43 171 60 130 281 172 202 0 0 1,126
1995 0 0 22.4 49.4 80.4 158 155.6 259.5 179.2 108.8 10 2.6 1,025.90
1996 0 10.4 59.8 77.7 92.1 113 144.9 258.4 227.5 166.8 0 34.5 1,185.10
1997
1998
1999
2000 17 0 0 63.3 212.2 276 243.5 354 200.7 78 8 0 1,452.70
2001 0 0 0 102 148.5 127 301 331.5 329.5 108.2 14 0 1,461.70
2002 15 0 52 34.5 133.5 204.9 264.3 192.5 211.5 210.8 0 0 1,319
2003 0 6.5 18 105 72 178 187 422.5 271.5 62 21.5 0 1,344
2004 0 13 26.5 33.5 128.5 129 216 263 142.5 68.5 29.5 11 1,061
2005 0 0 0 74.5 19.5 175.5 160.5 210.5 159.5 46 12 0 858
2006 0 35 32 99 58 167 164 294 228 135.5 0 0 1,212.50
Source: Soro 2004 ; Ivoire Coton Niofoin
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Appendix B. Institutional Review Board (IRB) materials 
1. English version of the consent form 
2. French version of the consent form 
3. Waiver or alteration – Population census 
4. Approvals of IRB office 
5. Example of signed consent form 
 
 









ACCORD ECRIT DU REPONDANT 
Je sollicite votre participation a une etude que je mene et dont le titre est «Feux de Brousse, 
Dynamique de Paysages et Emissions Atmospheriques. Etude Comparative des Savanes Guineenne 
et Sudanaise de Cote d'lvoire ». Je m'appelle Moussa Kone et je suis etudiant doctorant au departement 
de Geographie a I'Universite de Illinois a Urbana-Champaign (UIUC). Je fais cette recherche sous Ia 
direction du Professeur Thomas J. Bassett a I'UIUC. 
Pendant mes recherches de terrain, je ferai des interviews et des enquetes. Si vous acceptez d'y 
participer, il se pourrait que je vous filme, vous et des membres de votre famille pendant vos activites 
quotidiennes ou dans un lieu et a une heure de votre choix. Je prevois que le temps total sera de 1 a 2 
heures. Votre participation a cette rechercher est entierement volontaire, et vous etes libre de ne pas 
repondre a des questions particulieres, ou de vous retirer du projet a n'importe quelle etape. Afin de 
m'assurer de ne pas oublier certains points, je souhaiterais enregistrer les interviews. Je vous donnerai une 
copie de cet accord ecrit signe. Au prealable, vous ne courrez aucun risque majeur (ni physique, ni 
emotionnel) en participant a cette recherche. 
Je ne pense pas qu'il y ait de benefice direct pour vous, mais ce projet contribuera a approfondir 
notre comprehension de !'utilisation du feu comme outil de gestion des resources naturelles par les paysans 
et revelera Ia direction de Ia dynamique des ecosystemes de savanes dans les conditions de nouveaux 
regimes de feu. Ce projet devrait contribuer aux debats concernant les politiques environnementales en 
Cote d'lvoire. 
Votre participation au projet sera tenue confidentielle. Je ne montrerai a personne mes notes de 
terrain avec votre vrai nom, ou utiliser les materiels audios/visuels au cours des conferences, dans les 
articles de publications ou dans les demonstrations de classe sans votre accord parce vous pourrez etre 
reconnus par quelqu'un dans ces photos ou videos prises. A moins que vous choisissez autrement, 
j'utiliserai un pseudonyme en faisant allusion a vous dans les articles que je publierai a propos de cette 
recherche. Je conserverai ces materiaux dans un coffre fort boucle dans un endroit securise et je les 
detruirai des que je n'aurai plus besoin d'eux. 
Si vous avez des questions ou des inquietudes quelconques concernant le projet, veuillez 
contacter le professeur qui m'encadre dans Ia conduite de cette recherche : 
Professor Thomas J. Bassett 
Department of Geography, UIUC 
Tel: 1-217-244-3200/ Fax: 1-217-244-1785 
E-mail: bassett@uiuc.edu 
Mon contact telephonique est 1-217-649-7486 (USA) et (225) 0 1f - 52-3 3 - ~e d'lvoire) 
E-mail: kon@uiuc.edu 
Si vous avez des questions gemerales sur les droits en tant que participant, vous pouvez aussi contacter le 
Bureau de Ia Revue lnstitutionnelle (IRB), UIUC au telephone 1-217-333-2670 ou par courrier electronique: 
irb@uiuc.edu. Vous pouvez effectuer un appel de IRB a payements vires. 
Je }!eel are avoir lu et compris les explications ci-dessus et consens a partie. iper au projet ainsi decrit. 
_JOui, le chercheur est autorise a enregistrer rna voix. _ Non, le chercheur ne dois pas enregistrer rna voix. 
JL Oui, le chercheur peut filmer mon entourage etlou moi. _Non, le chercheur ne doit pas me filmer. 
~ Oui, le chercheur peut filmer/phographier mon enfant. _Non, le chercheur ne doit pas 
fill}ler/photographier mon enfant. 
.IL_Oui, le chercheur peut prendre mes photos._ Non le chercheur ne doit pas prendre mes photos. 
:J' Oui, le chercheur est autorise a utiliser un support audio/visuel de moi aux conferences, dans 
les articles de journaux, en classe. _Non, le chercheur n'est pas autorise'a utiliser un support 
au?io/visuel de moi aux conferences, dans les articles de journaux, en class. 
Ji Oui, j'autorise le chercheur a connecter mon vrai nom a mes preonses dans les rapports._ Non je 
n'autorise pas le chercheur a connecter mon vrai nom a mes reponses dans les rapports. 
=~~~~==-~~e votre accord. --'--~-/---{£1 __ ~ 
Nom (Signature) Date 
\~-~7 tiA"V~ RRITY OF,ILLINOaS A•"'WYED CONSENT VALiD UNTIL 
APR 3 0 2(18 2 
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Appendix C. Tables of the statistical analysis for CO using SPSS 18 
 
Case Processing Summary 
 
Cases 
Included Excluded Total 
N Percent N Percent N Percent 
CO_PPM  * Veg_type * 
Burn_period 
3505 83.2% 710 16.8% 4215 100.0% 
 
Report 
CO_PPM 
Veg_type Burn_period N % of N Mini Maxi Mean Variance Std. Dev. Std. Error of Mean 
1 Fallow 
field 
1 Early dry season 48 1.4% 1 16300 3237.73 1.785E7 4225.283 609.867 
2 Middle dry season 202 5.8% 2 12000 2086.79 3795057.907 1948.091 137.067 
3 Late dry season 305 8.7% 4 14000 3123.40 5449688.886 2334.457 133.671 
Total 555 15.8% 1 16300 2756.00 6139668.448 2477.835 105.178 
2 Grass 
savanna 
1 Early dry season 101 2.9% 1 9000 2094.96 2886478.378 1698.964 169.053 
2 Middle dry season 211 6.0% 1 37800 5673.58 3.743E7 6117.973 421.179 
3 Late dry season 234 6.7% 1 19200 5996.76 1.440E7 3794.664 248.065 
Total 546 15.6% 1 37800 5150.11 2.325E7 4822.011 206.363 
3 Shrub 
savanna 
1 Early dry season 69 2.0% 3 13100 3865.99 1.223E7 3497.142 421.006 
2 Middle dry season 136 3.9% 2 10600 2587.34 6371905.218 2524.263 216.454 
3 Late dry season 220 6.3% 1 15700 4766.75 1.500E7 3873.107 261.125 
Total 425 12.1% 1 15700 3923.09 1.268E7 3560.966 172.732 
4 Savanna 
woodland 
1 Early dry season 138 3.9% 5 9900 1442.06 1710875.077 1308.004 111.345 
2 Middle dry season 301 8.6% 1 9000 2101.73 2839931.042 1685.209 97.134 
3 Late dry season 669 19.1% 1 11600 2881.93 5371208.825 2317.587 89.603 
Total 1108 31.6% 1 11600 2490.65 4493248.792 2119.728 63.681 
5 Dry forest 1 Early dry season 75 2.1% 3 2600 875.40 298736.108 546.568 63.112 
2 Middle dry season 266 7.6% 1 18700 3125.59 1.175E7 3428.342 210.205 
3 Late dry season 214 6.1% 1 4400 1509.42 960645.437 980.125 67.000 
Total 555 15.8% 1 18700 2198.34 6864520.803 2620.023 111.214 
6 Gallery 
forest 
2 Middle dry season 316 9.0% 1 17300 2047.95 4014671.423 2003.664 112.715 
Total 316 9.0% 1 17300 2047.95 4014671.423 2003.664 112.715 
Total 1 Early dry season 431 12.3% 1 16300 2084.49 6198395.423 2489.658 119.923 
2 Middle dry season 1432 40.9% 1 37800 2850.36 1.182E7 3438.162 90.856 
3 Late dry season 1642 46.8% 1 19200 3444.33 9166974.158 3027.701 74.718 
Total 3505 100.0% 1 37800 3034.44 1.008E7 3175.671 53.640 
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Univariate Analysis of Variance 
 
Descriptive Statistics 
Dependent Variable:CO_PPM 
Veg_type Mean Std. Deviation N 
1 Fallow field 2756.00 2477.835 555 
2 Grass savanna 5150.11 4822.011 546 
3 Shrub savanna 3923.09 3560.966 425 
4 Savanna woodland 2490.65 2119.728 1108 
5 Dry forest 2198.34 2620.023 555 
6 Gallery forest 2047.95 2003.664 316 
Total 3034.44 3175.671 3505 
 
Levene's Test of Equality of Error Variances
a
 
Dependent Variable:CO_PPM 
F df1 df2 Sig. 
113.827 5 3499 .000 
Tests the null hypothesis that the error variance of the 
dependent variable is equal across groups. 
a. Design: Intercept + Veg_type 
 
Tests of Between-Subjects Effects 
Dependent Variable:CO_PPM 
Source Type III Sum of 
Squares df Mean Square F Sig. 
Partial Eta 
Squared 
Corrected Model 3.846E9 5 7.691E8 85.459 .000 .109 
Intercept 2.908E10 1 2.908E10 3230.612 .000 .480 
Veg_type 3.846E9 5 7.691E8 85.459 .000 .109 
Error 3.149E10 3499 9000204.632    
Total 6.761E10 3505     
Corrected Total 3.534E10 3504     
a. R Squared = .109 (Adjusted R Squared = .108) 
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Estimated Marginal Means 
 
Veg_type 
Dependent Variable:CO_PPM 
Veg_type 
Mean Std. Error 
95% Confidence Interval 
Lower Bound Upper Bound 
1 Fallow field 2756.000 127.344 2506.323 3005.677 
2 Grass savanna 5150.110 128.390 4898.384 5401.836 
3 Shrub savanna 3923.094 145.523 3637.776 4208.413 
4 Savanna woodland 2490.648 90.127 2313.941 2667.355 
5 Dry forest 2198.341 127.344 1948.664 2448.017 
6 Gallery forest 2047.953 168.765 1717.065 2378.841 
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Post Hoc Tests 
Multiple Comparisons 
Dependent Variable:CO_PPM 
 (I) Veg_type (J) Veg_type Mean  
Difference (I-J) Std. Error Sig. 
95% Confidence Interval 
 Lower Bound Upper Bound 
Tukey HSD 1 Fallow field 2 Grass savanna -2394.11
*
 180.833 .000 -2909.72 -1878.50 
3 Shrub savanna -1167.09
*
 193.374 .000 -1718.46 -615.73 
4 Savanna woodland 265.35 156.011 .531 -179.48 710.19 
5 Dry forest 557.66
*
 180.092 .024 44.16 1071.15 
6 Gallery forest 708.05
*
 211.420 .011 105.23 1310.87 
2 Grass 
savanna 
1 Fallow field 2394.11
*
 180.833 .000 1878.50 2909.72 
3 Shrub savanna 1227.02
*
 194.064 .000 673.68 1780.35 
4 Savanna woodland 2659.46
*
 156.866 .000 2212.19 3106.73 
5 Dry forest 2951.77
*
 180.833 .000 2436.16 3467.38 
6 Gallery forest 3102.16
*
 212.051 .000 2497.54 3706.78 
3 Shrub 
savanna 
1 Fallow field 1167.09
*
 193.374 .000 615.73 1718.46 
2 Grass savanna -1227.02
*
 194.064 .000 -1780.35 -673.68 
4 Savanna woodland 1432.45
*
 171.172 .000 944.39 1920.51 
5 Dry forest 1724.75
*
 193.374 .000 1173.39 2276.12 
6 Gallery forest 1875.14
*
 222.842 .000 1239.75 2510.53 
4 Savanna 
woodland 
1 Fallow field -265.35 156.011 .531 -710.19 179.48 
2 Grass savanna -2659.46
*
 156.866 .000 -3106.73 -2212.19 
3 Shrub savanna -1432.45
*
 171.172 .000 -1920.51 -944.39 
5 Dry forest 292.31 156.011 .419 -152.53 737.14 
6 Gallery forest 442.70 191.323 .189 -102.82 988.21 
5 Dry forest 1 Fallow field -557.66
*
 180.092 .024 -1071.15 -44.16 
2 Grass savanna -2951.77
*
 180.833 .000 -3467.38 -2436.16 
3 Shrub savanna -1724.75
*
 193.374 .000 -2276.12 -1173.39 
4 Savanna woodland -292.31 156.011 .419 -737.14 152.53 
6 Gallery forest 150.39 211.420 .981 -452.43 753.21 
6 Gallery 
forest 
1 Fallow field -708.05
*
 211.420 .011 -1310.87 -105.23 
2 Grass savanna -3102.16
*
 212.051 .000 -3706.78 -2497.54 
3 Shrub savanna -1875.14
*
 222.842 .000 -2510.53 -1239.75 
4 Savanna woodland -442.70 191.323 .189 -988.21 102.82 
5 Dry forest -150.39 211.420 .981 -753.21 452.43 
Dunnett C 1 Fallow field 2 Grass savanna -2394.11
*
 231.621  -3056.51 -1731.71 
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3 Shrub savanna -1167.09
*
 202.235  -1745.88 -588.30 
4 Savanna woodland 265.35 122.954  -86.10 616.80 
5 Dry forest 557.66
*
 153.072  119.92 995.40 
6 Gallery forest 708.05
*
 154.166  266.55 1149.55 
2 Grass 
savanna 
1 Fallow field 2394.11
*
 231.621  1731.71 3056.51 
3 Shrub savanna 1227.02
*
 269.114  457.06 1996.97 
4 Savanna woodland 2659.46
*
 215.965  2041.92 3277.00 
5 Dry forest 2951.77
*
 234.423  2281.35 3622.18 
6 Gallery forest 3102.16
*
 235.139  2429.28 3775.03 
3 Shrub 
savanna 
1 Fallow field 1167.09
*
 202.235  588.30 1745.88 
2 Grass savanna -1227.02
*
 269.114  -1996.97 -457.06 
4 Savanna woodland 1432.45
*
 184.097  905.59 1959.30 
5 Dry forest 1724.75
*
 205.438  1136.81 2312.70 
6 Gallery forest 1875.14
*
 206.255  1284.39 2465.89 
4 Savanna 
woodland 
1 Fallow field -265.35 122.954  -616.80 86.10 
2 Grass savanna -2659.46
*
 215.965  -3277.00 -2041.92 
3 Shrub savanna -1432.45
*
 184.097  -1959.30 -905.59 
5 Dry forest 292.31 128.155  -74.02 658.64 
6 Gallery forest 442.70
*
 129.460  71.88 813.51 
5 Dry forest 1 Fallow field -557.66
*
 153.072  -995.40 -119.92 
2 Grass savanna -2951.77
*
 234.423  -3622.18 -2281.35 
3 Shrub savanna -1724.75
*
 205.438  -2312.70 -1136.81 
4 Savanna woodland -292.31 128.155  -658.64 74.02 
6 Gallery forest 150.39 158.345  -303.05 603.82 
6 Gallery 
forest 
1 Fallow field -708.05
*
 154.166  -1149.55 -266.55 
2 Grass savanna -3102.16
*
 235.139  -3775.03 -2429.28 
3 Shrub savanna -1875.14
*
 206.255  -2465.89 -1284.39 
4 Savanna woodland -442.70
*
 129.460  -813.51 -71.88 
5 Dry forest -150.39 158.345  -603.82 303.05 
Based on observed means. 
 The error term is Mean Square (Error) = 9000204.632. 
*. The mean difference is significant at the .05 level. 
The multiple comparison table shows that fallow field emits higher level of CO than savanna woodland, dry forest, and 
gallery forest; CO produced in grass savanna is higher than all the other vegetation types; shrub savanna is higher than 
fallow field, savanna woodland, dry forest, and gallery forest; savanna woodland is higher than dry forest and gallery 
forest; dry forest is higher than gallery forest (Appendix AB). 
The table shows that vegetation types dominated by grass fuel (grass savanna, shrub savanna, and fallow field) emit more 
CO than those dominated by leave fuel (savanna woodland, dry forest, and gallery forest) (Appendix AB). Therefore, 
vegetation types dominated by grass fuel constitute constrain for CO emission from biomass bushfires.  
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Homogeneous Subsets 
CO_PPM 
 Veg_type 
N 
Subset 
 1 2 3 4 
Tukey HSD
a,b,c
 6 Gallery forest 316 2047.95    
5 Dry forest 555 2198.34    
4 Savanna woodland 1108 2490.65 2490.65   
1 Fallow field 555  2756.00   
3 Shrub savanna 425   3923.09  
2 Grass savanna 546    5150.11 
Sig.  .176 .723 1.000 1.000 
Ryan-Einot-
Gabriel-Welsch 
Range
c,d
 
6 Gallery forest 316 2047.95    
5 Dry forest 555 2198.34    
4 Savanna woodland 1108 2490.65 2490.65   
1 Fallow field 555  2756.00   
3 Shrub savanna 425   3923.09  
2 Grass savanna 546    5150.11 
Sig.  .281 .366 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square (Error) = 9000204.632. 
a. Uses Harmonic Mean Sample Size = 506.110. 
b. The group sizes are unequal. The harmonic mean of the group sizes is used. Type I error levels are 
not guaranteed. 
c. Alpha = .05. 
d. Critical values are not monotonic for these data. Substitutions have been made to ensure 
monotonicity. Type I error is therefore smaller. 
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Univariate Analysis of Variance for dry season periods 
 
Descriptive Statistics 
Dependent Variable:CO_PPM 
Burn_period Mean Std. Deviation N 
1 Early dry season 2084.49 2489.658 431 
2 Middle dry season 2850.36 3438.162 1432 
3 Late dry season 3444.33 3027.701 1642 
Total 3034.44 3175.671 3505 
 
Levene's Test of Equality of Error Variances
a
 
Dependent Variable:CO_PPM 
F df1 df2 Sig. 
19.362 2 3502 .000 
Tests the null hypothesis that the error variance of the 
dependent variable is equal across groups. 
a. Design: Intercept + Burn_period 
 
Tests of Between-Subjects Effects 
Dependent Variable:CO_PPM 
Source Type III Sum of 
Squares df Mean Square F Sig. Partial Eta Squared 
Corrected Model 7.133E8 2 3.567E8 36.075 .000 .020 
Intercept 1.935E10 1 1.935E10 1957.630 .000 .359 
Burn_period 7.133E8 2 3.567E8 36.075 .000 .020 
Error 3.462E10 3502 9886952.099    
Total 6.761E10 3505     
Corrected Total 3.534E10 3504     
a. R Squared = .020 (Adjusted R Squared = .020) 
 
Estimated Marginal Means 
 
Burn_period 
Dependent Variable:CO_PPM 
Burn_period 
Mean Std. Error 
95% Confidence Interval 
Lower Bound Upper Bound 
1 Early dry season 2084.487 151.458 1787.532 2381.442 
2 Middle dry season 2850.362 83.092 2687.449 3013.276 
3 Late dry season 3444.331 77.597 3292.191 3596.471 
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Post Hoc Tests 
 
Burn_period 
Multiple Comparisons 
Dependent Variable:CO_PPM 
 (I) Burn_period (J) Burn_period 
Mean  
Difference (I-J) Std. Error Sig. 
95% Confidence 
Interval 
 Lower  
Bound 
Upper 
Bound 
Tukey HSD 1 Early dry season 2 Middle dry season -765.88
*
 172.754 .000 -1170.93 -360.82 
3 Late dry season -1359.84
*
 170.179 .000 -1758.86 -960.83 
2 Middle dry season 1 Early dry season 765.88
*
 172.754 .000 360.82 1170.93 
3 Late dry season -593.97
*
 113.691 .000 -860.54 -327.40 
3 Late dry season 1 Early dry season 1359.84
*
 170.179 .000 960.83 1758.86 
2 Middle dry season 593.97
*
 113.691 .000 327.40 860.54 
Dunnett C 1 Early dry season 2 Middle dry season -765.88
*
 150.454  -1119.41 -412.34 
3 Late dry season -1359.84
*
 141.295  -1691.91 -1027.78 
2 Middle dry season 1 Early dry season 765.88
*
 150.454  412.34 1119.41 
3 Late dry season -593.97
*
 117.634  -869.94 -318.00 
3 Late dry season 1 Early dry season 1359.84
*
 141.295  1027.78 1691.91 
2 Middle dry season 593.97
*
 117.634  318.00 869.94 
Based on observed means. 
 The error term is Mean Square (Error) = 9886952.099. 
*. The mean difference is significant at the .05 level. 
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Homogeneous Subsets 
 
CO_PPM 
 Burn_period 
N 
Subset 
 1 2 3 
Tukey HSD
a,b,c
 1 Early dry season 431 2084.49   
2 Middle dry season 1432  2850.36  
3 Late dry season 1642   3444.33 
Sig.  1.000 1.000 1.000 
Ryan-Einot-Gabriel-Welsch 
Range
c
 
1 Early dry season 431 2084.49   
2 Middle dry season 1432  2850.36  
3 Late dry season 1642   3444.33 
Sig.  1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square (Error) = 9886952.099. 
a. Uses Harmonic Mean Sample Size = 827.011. 
b. The group sizes are unequal. The harmonic mean of the group sizes is used. Type I error levels are not 
guaranteed. 
c. Alpha = .05. 
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Appendix D. Tables of the statistical analysis for CO2 using SPSS 18  
 
Case Processing Summary 
 
Cases 
Included Excluded Total 
N Percent N Percent N Percent 
CO2_PPM CO 2_PPM  * 
Veg_type * Burn_period 
3371 80.0% 844 20.0% 4215 100.0% 
 
Report 
CO2_PPM CO 2_PPM 
Veg_type Burn_period N % of N Mini Maxi Mean Variance Std. Dev. Std. Error of Mean 
1 Fallow 
field 
1 Early dry season 27 .8% 7000 36000 21185.19 5.285E7 7269.732 1399.061 
2 Middle dry season 196 5.8% 1000 35000 19045.92 6.093E7 7805.516 557.537 
3 Late dry season 313 9.3% 1000 42000 24162.94 8.544E7 9243.274 522.461 
Total 536 15.9% 1000 42000 22141.79 8.055E7 8974.858 387.655 
2 Grass 
savanna 
1 Early dry season 66 2.0% 1000 43000 18604.55 1.068E8 10336.410 1272.324 
2 Middle dry season 208 6.2% 1000 59000 28975.96 2.198E8 14827.328 1028.090 
3 Late dry season 235 7.0% 1000 51000 32463.83 1.901E8 13786.907 899.359 
Total 509 15.1% 1000 59000 29241.45 2.103E8 14503.213 642.844 
3 Shrub 
savanna 
1 Early dry season 51 1.5% 1000 45000 22607.84 2.442E8 15625.720 2188.039 
2 Middle dry season 136 4.0% 1000 43000 18632.35 1.095E8 10465.328 897.394 
3 Late dry season 219 6.5% 1000 63000 34479.45 2.242E8 14973.472 1011.813 
Total 406 12.0% 1000 63000 27679.80 2.431E8 15590.467 773.742 
4 Savanna 
woodland 
1 Early dry season 75 2.2% 1000 35000 13986.67 7.028E7 8383.532 968.047 
2 Middle dry season 294 8.7% 1000 39000 21078.23 7.327E7 8560.007 499.230 
3 Late dry season 685 20.3% 1000 55000 23956.20 1.055E8 10268.948 392.356 
Total 1054 31.3% 1000 55000 22444.02 1.009E8 10046.341 309.448 
5 Dry forest 1 Early dry season 50 1.5% 1000 15000 8360.00 1.668E7 4084.615 577.652 
2 Middle dry season 257 7.6% 1000 42000 20505.84 9.070E7 9523.458 594.057 
3 Late dry season 206 6.1% 1000 35000 19868.93 5.076E7 7124.489 496.387 
Total 513 15.2% 1000 42000 19066.28 7.976E7 8930.914 394.309 
6 Gallery 
forest 
2 Middle dry season 353 10.5% 2000 62000 20260.62 8.180E7 9044.088 481.368 
Total 353 10.5% 2000 62000 20260.62 8.180E7 9044.088 481.368 
Total 1 Early dry season 269 8.0% 1000 45000 16430.86 1.236E8 11116.492 677.784 
2 Middle dry season 1444 42.8% 1000 62000 21407.89 1.112E8 10543.602 277.463 
3 Late dry season 1658 49.2% 1000 63000 26083.23 1.447E8 12028.946 295.417 
Total 3371 100.0% 1000 63000 23310.26 1.377E8 11733.936 202.099 
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Univariate Analysis of Variance for vegetation types 
 
Descriptive Statistics 
Dependent Variable:CO2_PPM CO 2_PPM 
Veg_type Mean Std. Deviation N 
1 Fallow field 22141.79 8974.858 536 
2 Grass savanna 29241.45 14503.213 509 
3 Shrub savanna 27679.80 15590.467 406 
4 Savanna woodland 22444.02 10046.341 1054 
5 Dry forest 19066.28 8930.914 513 
6 Gallery forest 20260.62 9044.088 353 
Total 23310.26 11733.936 3371 
 
 
 
Levene's Test of Equality of Error Variances
a
 
Dependent Variable:CO2_PPM CO 2_PPM 
F df1 df2 Sig. 
86.182 5 3365 .000 
Tests the null hypothesis that the error variance of the 
dependent variable is equal across groups. 
a. Design: Intercept + Veg_type 
 
 
 
Tests of Between-Subjects Effects 
Dependent Variable:CO2_PPM CO 2_PPM 
Source Type III Sum of Squares df Mean Square F Sig. Partial Eta Squared 
Corrected Model 3.970E10 5 7.941E9 62.976 .000 .086 
Intercept 1.650E12 1 1.650E12 13081.905 .000 .795 
Veg_type 3.970E10 5 7.941E9 62.976 .000 .086 
Error 4.243E11 3365 1.261E8    
Total 2.296E12 3371     
Corrected Total 4.640E11 3370     
a. R Squared = .086 (Adjusted R Squared = .084) 
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Estimated Marginal Means 
 
Veg_type 
Dependent Variable:CO2_PPM CO 2_PPM 
Veg_type 
Mean Std. Error 
95% Confidence Interval 
Lower Bound Upper Bound 
1 Fallow field 22141.791 485.020 21190.828 23092.754 
2 Grass savanna 29241.454 497.718 28265.594 30217.313 
3 Shrub savanna 27679.803 557.287 26587.148 28772.458 
4 Savanna woodland 22444.023 345.877 21765.873 23122.173 
5 Dry forest 19066.277 495.773 18094.229 20038.324 
6 Gallery forest 20260.623 597.660 19088.809 21432.438 
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Post Hoc Tests 
 
Veg_type 
Multiple Comparisons 
Dependent Variable:CO2_PPM CO 2_PPM 
 (I) Veg_type (J) Veg_type Mean  
Difference (I-J) Std. Error Sig. 
95% Confidence Interval 
 Lower Bound Upper Bound 
Tukey HSD 1 Fallow field 2 Grass savanna -7099.66
*
 694.958 .000 -9081.23 -5118.09 
3 Shrub savanna -5538.01
*
 738.792 .000 -7644.57 -3431.46 
4 Savanna woodland -302.23 595.714 .996 -2000.82 1396.36 
5 Dry forest 3075.51
*
 693.567 .000 1097.91 5053.12 
6 Gallery forest 1881.17 769.703 .142 -313.53 4075.86 
2 Grass 
savanna 
1 Fallow field 7099.66
*
 694.958 .000 5118.09 9081.23 
3 Shrub savanna 1561.65 747.189 .293 -568.85 3692.15 
4 Savanna woodland 6797.43
*
 606.097 .000 5069.24 8525.63 
5 Dry forest 10175.18
*
 702.506 .000 8172.09 12178.27 
6 Gallery forest 8980.83
*
 777.767 .000 6763.14 11198.52 
3 Shrub 
savanna 
1 Fallow field 5538.01
*
 738.792 .000 3431.46 7644.57 
2 Grass savanna -1561.65 747.189 .293 -3692.15 568.85 
4 Savanna woodland 5235.78
*
 655.896 .000 3365.59 7105.97 
5 Dry forest 8613.53
*
 745.895 .000 6486.72 10740.34 
6 Gallery forest 7419.18
*
 817.170 .000 5089.14 9749.22 
4 Savanna 
woodland 
1 Fallow field 302.23 595.714 .996 -1396.36 2000.82 
2 Grass savanna -6797.43
*
 606.097 .000 -8525.63 -5069.24 
3 Shrub savanna -5235.78
*
 655.896 .000 -7105.97 -3365.59 
5 Dry forest 3377.75
*
 604.502 .000 1654.10 5101.39 
6 Gallery forest 2183.40
*
 690.528 .020 214.46 4152.34 
5 Dry forest 1 Fallow field -3075.51
*
 693.567 .000 -5053.12 -1097.91 
2 Grass savanna -10175.18
*
 702.506 .000 -12178.27 -8172.09 
3 Shrub savanna -8613.53
*
 745.895 .000 -10740.34 -6486.72 
4 Savanna woodland -3377.75
*
 604.502 .000 -5101.39 -1654.10 
6 Gallery forest -1194.35 776.524 .640 -3408.49 1019.80 
6 Gallery 
forest 
1 Fallow field -1881.17 769.703 .142 -4075.86 313.53 
2 Grass savanna -8980.83
*
 777.767 .000 -11198.52 -6763.14 
3 Shrub savanna -7419.18
*
 817.170 .000 -9749.22 -5089.14 
4 Savanna woodland -2183.40
*
 690.528 .020 -4152.34 -214.46 
5 Dry forest 1194.35 776.524 .640 -1019.80 3408.49 
Dunnett C 1 Fallow field 2 Grass savanna -7099.66
*
 750.682  -9246.98 -4952.35 
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3 Shrub savanna -5538.01
*
 865.421  -8015.49 -3060.53 
4 Savanna woodland -302.23 496.018  -1719.90 1115.43 
5 Dry forest 3075.51
*
 552.952  1493.90 4657.13 
6 Gallery forest 1881.17
*
 618.055  111.45 3650.88 
2 Grass 
savanna 
1 Fallow field 7099.66
*
 750.682  4952.35 9246.98 
3 Shrub savanna 1561.65 1005.945  -1317.64 4440.95 
4 Savanna woodland 6797.43
*
 713.447  4757.28 8837.58 
5 Dry forest 10175.18
*
 754.140  8017.88 12332.48 
6 Gallery forest 8980.83
*
 803.096  6682.07 11279.59 
3 Shrub 
savanna 
1 Fallow field 5538.01
*
 865.421  3060.53 8015.49 
2 Grass savanna -1561.65 1005.945  -4440.95 1317.64 
4 Savanna woodland 5235.78
*
 833.327  2850.59 7620.97 
5 Dry forest 8613.53
*
 868.422  6127.39 11099.67 
6 Gallery forest 7419.18
*
 911.258  4809.34 10029.02 
4 Savanna 
woodland 
1 Fallow field 302.23 496.018  -1115.43 1719.90 
2 Grass savanna -6797.43
*
 713.447  -8837.58 -4757.28 
3 Shrub savanna -5235.78
*
 833.327  -7620.97 -2850.59 
5 Dry forest 3377.75
*
 501.236  1945.00 4810.49 
6 Gallery forest 2183.40
*
 572.253  545.38 3821.42 
5 Dry forest 1 Fallow field -3075.51
*
 552.952  -4657.13 -1493.90 
2 Grass savanna -10175.18
*
 754.140  -12332.48 -8017.88 
3 Shrub savanna -8613.53
*
 868.422  -11099.67 -6127.39 
4 Savanna woodland -3377.75
*
 501.236  -4810.49 -1945.00 
6 Gallery forest -1194.35 622.250  -2976.16 587.47 
6 Gallery 
forest 
1 Fallow field -1881.17
*
 618.055  -3650.88 -111.45 
2 Grass savanna -8980.83
*
 803.096  -11279.59 -6682.07 
3 Shrub savanna -7419.18
*
 911.258  -10029.02 -4809.34 
4 Savanna woodland -2183.40
*
 572.253  -3821.42 -545.38 
5 Dry forest 1194.35 622.250  -587.47 2976.16 
Based on observed means. 
 The error term is Mean Square (Error) = 126090906.444. 
*. The mean difference is significant at the .05 level. 
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Homogeneous Subsets 
CO2_PPM CO 2_PPM 
 Veg_type 
N 
Subset 
 1 2 3 4 
Tukey HSD
a,b,c
 5 Dry forest 513 19066.28    
6 Gallery forest 353 20260.62 20260.62   
1 Fallow field 536  22141.79 22141.79  
4 Savanna 
woodland 
1054 
  
22444.02 
 
3 Shrub savanna 406    27679.80 
2 Grass savanna 509    29241.45 
Sig.  .545 .087 .998 .239 
Ryan-Einot-Gabriel-Welsch 
Range
c,d
 
5 Dry forest 513 19066.28    
6 Gallery forest 353 20260.62 20260.62   
1 Fallow field 536  22141.79 22141.79  
4 Savanna 
woodland 
1054 
  
22444.02 
 
3 Shrub savanna 406    27679.80 
2 Grass savanna 509    29241.45 
Sig.  .402 .076 .961 .136 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square (Error) = 126090906.444. 
a. Uses Harmonic Mean Sample Size = 498.989. 
b. The group sizes are unequal. The harmonic mean of the group sizes is used. Type I error levels are not 
guaranteed. 
c. Alpha = .05. 
d. Critical values are not monotonic for these data. Substitutions have been made to ensure monotonicity. Type I 
error is therefore smaller. 
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Univariate Analysis of Variance for dry season periods 
 
Descriptive Statistics 
Dependent Variable:CO2_PPM CO 2_PPM 
Burn_period Mean Std. Deviation N 
1 Early dry season 16430.86 11116.492 269 
2 Middle dry season 21407.89 10543.602 1444 
3 Late dry season 26083.23 12028.946 1658 
Total 23310.26 11733.936 3371 
 
 
Levene's Test of Equality of Error Variances
a
 
Dependent Variable:CO2_PPM CO 2_PPM 
F df1 df2 Sig. 
19.266 2 3368 .000 
Tests the null hypothesis that the error variance of the 
dependent variable is equal across groups. 
a. Design: Intercept + Burn_period 
 
 
Tests of Between-Subjects Effects 
Dependent Variable:CO2_PPM CO 2_PPM 
Source Type III Sum of 
Squares df Mean Square F Sig. Partial Eta Squared 
Corrected Model 3.071E10 2 1.535E10 119.337 .000 .066 
Intercept 8.151E11 1 8.151E11 6335.505 .000 .653 
Burn_period 3.071E10 2 1.535E10 119.337 .000 .066 
Error 4.333E11 3368 1.287E8    
Total 2.296E12 3371     
Corrected Total 4.640E11 3370     
a. R Squared = .066 (Adjusted R Squared = .066) 
 
Estimated Marginal Means 
Burn_period 
Dependent Variable:CO2_PPM CO 2_PPM 
Burn_period 
Mean Std. Error 
95% Confidence Interval 
Lower Bound Upper Bound 
1 Early dry season 16430.855 691.559 15074.938 17786.772 
2 Middle dry season 21407.895 298.484 20822.666 21993.124 
3 Late dry season 26083.233 278.556 25537.076 26629.389 
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Post Hoc Tests 
 
Burn_period 
Multiple Comparisons 
Dependent Variable:CO2_PPM CO 2_PPM 
 (I) Burn_period (J) Burn_period 
Mean  
Difference (I-J) Std. Error Sig. 
95% Confidence 
Interval 
 Lower  
Bound 
Upper  
Bound 
Tukey HSD 1 Early dry season 2 Middle dry season -4977.04
*
 753.224 .000 -6743.15 -3210.93 
3 Late dry season -9652.38
*
 745.551 .000 -11400.50 -7904.25 
2 Middle dry season 1 Early dry season 4977.04
*
 753.224 .000 3210.93 6743.15 
3 Late dry season -4675.34
*
 408.273 .000 -5632.63 -3718.05 
3 Late dry season 1 Early dry season 9652.38
*
 745.551 .000 7904.25 11400.50 
2 Middle dry season 4675.34
*
 408.273 .000 3718.05 5632.63 
Dunnett C 1 Early dry season 2 Middle dry season -4977.04
*
 732.378  -6701.99 -3252.09 
3 Late dry season -9652.38
*
 739.367  -11393.63 -7911.13 
2 Middle dry season 1 Early dry season 4977.04
*
 732.378  3252.09 6701.99 
3 Late dry season -4675.34
*
 405.286  -5626.12 -3724.55 
3 Late dry season 1 Early dry season 9652.38
*
 739.367  7911.13 11393.63 
2 Middle dry season 4675.34
*
 405.286  3724.55 5626.12 
Based on observed means. 
 The error term is Mean Square (Error) = 128650159.672. 
*. The mean difference is significant at the .05 level. 
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Homogeneous Subsets 
CO2_PPM CO 2_PPM 
 Burn_period 
N 
Subset 
 1 2 3 
Tukey HSD
a,b,c
 1 Early dry season 269 16430.86   
2 Middle dry season 1444  21407.89  
3 Late dry season 1658   26083.23 
Sig.  1.000 1.000 1.000 
Ryan-Einot-Gabriel-Welsch 
Range
c
 
1 Early dry season 269 16430.86   
2 Middle dry season 1444  21407.89  
3 Late dry season 1658   26083.23 
Sig.  1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square (Error) = 128650159.672. 
a. Uses Harmonic Mean Sample Size = 598.429. 
b. The group sizes are unequal. The harmonic mean of the group sizes is used. Type I error levels are not guaranteed. 
c. Alpha = .05. 
 
 
 
 
 
 
 
 
 
 
Appendix E. Principal Component Analysis tables and matrices for the land cover, the early, middle, 
and late dry season analysis
Land cover analysis
Eigenvectors
Date Bands C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C 10 C 11 C 12
Blue 0.12 0.08 0.01 -0.02 -0.39 0.22 -0.15 -0.28 -0.50 0.63 -0.15 -0.13
Green 0.09 0.07 -0.03 -0.09 -0.30 0.14 -0.06 -0.11 -0.02 -0.05 0.52 0.77
23-Nov Red 0.21 0.15 0.08 -0.07 -0.54 0.32 -0.01 -0.30 0.32 -0.49 -0.19 -0.25
2006 NIR 0.03 0.07 -0.55 -0.79 0.00 0.01 -0.13 0.20 -0.01 -0.01 -0.03 -0.08
MIR 1 0.58 0.58 0.03 -0.07 0.37 -0.12 0.33 -0.22 0.00 0.08 0.01 0.03
MIR 2 0.35 0.30 0.12 0.21 -0.15 -0.09 -0.53 0.64 -0.05 -0.06 0.01 -0.05
Blue 0.12 -0.13 -0.06 0.02 -0.27 -0.29 0.44 0.19 -0.62 -0.40 -0.16 0.07
Green 0.09 -0.08 -0.07 0.04 -0.19 -0.12 0.20 0.05 0.03 0.08 0.76 -0.54
18-May Red 0.18 -0.18 0.04 -0.05 -0.37 -0.26 0.37 0.28 0.49 0.43 -0.24 0.16
2007 NIR -0.11 0.22 -0.76 0.52 -0.12 -0.18 -0.04 -0.14 0.10 0.01 -0.07 0.04
MIR 1 0.52 -0.50 -0.28 0.20 0.23 0.54 0.08 0.13 -0.02 -0.01 -0.01 0.02
MIR 2 0.37 -0.42 0.01 -0.06 0.02 -0.56 -0.42 -0.42 0.03 -0.08 -0.01 0.01
Eigenvalues and Percentages
ComponentsValues Percents
C 1 683.5482 76.23
C 2 110.0408 12.27
C 3 51.63044 5.76
C 4 21.84048 2.44
C 5 10.77101 1.2
C 6 7.075721 0.79
C 7 4.280628 0.48
C 8 3.223053 0.36
C 9 1.850635 0.21
C 10 1.381064 0.15
C 11 0.595194 0.07
C 12 0.503952 0.06
Total 896.7412 100
Early dry season period burning analysis
Eigenvectors
Date Bands C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C 10 C 11 C 12
Blue 0.10 -0.09 0.03 -0.03 -0.31 -0.21 0.31 0.28 -0.63 -0.48 0.20 -0.02
Green 0.08 -0.07 0.08 0.02 -0.25 -0.14 0.16 0.12 -0.02 0.10 -0.85 0.35
23-Nov Red 0.18 -0.18 0.05 -0.10 -0.46 -0.37 0.19 0.30 0.39 0.44 0.29 -0.14
2006 NIR 0.04 0.04 0.69 0.67 -0.03 -0.03 0.14 -0.20 0.05 -0.01 0.08 -0.02
MIR 1 0.52 -0.57 0.25 -0.10 0.35 -0.03 -0.41 0.19 -0.06 -0.05 -0.03 0.00
MIR 2 0.32 -0.31 -0.03 -0.25 -0.04 0.31 0.55 -0.57 0.06 -0.02 0.03 0.01
Blue 0.11 0.03 -0.04 0.04 -0.32 0.04 -0.36 -0.34 -0.57 0.54 0.09 0.10
Green 0.10 0.06 0.01 -0.02 -0.25 0.04 -0.17 -0.12 0.00 -0.14 -0.35 -0.86
10-Jan Red 0.21 0.11 -0.05 -0.03 -0.47 -0.07 -0.42 -0.27 0.34 -0.49 0.10 0.32
2007 NIR 0.16 0.46 0.51 -0.47 -0.09 0.44 0.00 0.26 -0.01 0.06 0.04 0.05
MIR 1 0.61 0.55 -0.19 0.07 0.31 -0.40 0.14 -0.10 -0.03 0.05 -0.02 -0.03
MIR 2 0.33 0.00 -0.38 0.49 -0.15 0.59 0.04 0.36 0.05 0.03 0.02 0.02
Eigenvalues and Percentages
ComponentsEigenvaluesPerecent
C 1 751.39 72.52
C 2 190.96 18.43
C 3 42.94 4.14
C 4 19.49 1.88
C 5 14.72 1.42
C 6 5.59 0.54
C 7 4.31 0.42
C 8 2.76 0.27
C 9 1.83 0.18
C 10 1.23 0.12
C 11 0.55 0.05
C 12 0.41 0.04
Total 1036.18 100
Middle dry season periodburning analysis
Eigenvectors
Dates Bands C 1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C10 C 11 C12
Blue 0.14 -0.02 0.00 -0.37 0.09 -0.11 0.61 0.47 -0.27 0.31 -0.23 0.00
Green 0.12 0.04 0.00 -0.31 0.07 -0.02 0.03 0.09 -0.02 -0.08 0.82 0.44
11-Feb Red 0.26 0.02 0.08 -0.55 0.35 -0.04 -0.43 0.20 0.08 -0.43 -0.23 -0.17
2007 NIR 0.15 0.75 0.04 -0.17 -0.34 0.42 -0.06 -0.11 -0.28 0.03 -0.06 -0.02
MIR 1 0.64 0.12 0.56 0.35 0.21 -0.02 0.14 -0.04 0.25 0.08 0.03 0.00
MIR 2 0.35 -0.35 0.16 -0.15 -0.64 -0.38 -0.19 -0.15 -0.30 0.00 -0.03 0.00
Blue 0.10 -0.03 -0.14 -0.19 0.07 -0.03 0.54 -0.64 0.04 -0.46 -0.11 0.05
27-Feb Green 0.08 0.01 -0.13 -0.16 0.05 -0.06 0.06 -0.18 0.07 0.26 0.40 -0.82
2007 Red 0.17 -0.02 -0.23 -0.26 0.23 -0.03 -0.24 -0.42 0.15 0.64 -0.19 0.31
NIR 0.10 0.44 -0.37 0.07 -0.23 -0.58 0.04 0.18 0.47 -0.07 -0.05 0.05
MIR 1 0.46 -0.05 -0.60 0.38 0.22 0.05 -0.09 0.09 -0.44 -0.12 0.04 0.00
MIR 2 0.27 -0.32 -0.26 -0.09 -0.36 0.57 0.09 0.20 0.49 -0.02 -0.02 0.01
Eigenvalues and percentages
ComponentsEigenvaluesPercent
C 1 1135.57 83.89
C 2 138.45 10.23
C 3 31.84 2.35
C 4 21.85 1.61
C 5 10.96 0.81
C 6 6.45 0.48
C 7 2.60 0.19
C 8 2.02 0.15
C 9 1.87 0.14
C 10 1.02 0.08
C 11 0.59 0.04
C 12 0.39 0.03
Total 1353.61 100
Late dry season period burning analysis
Eigenvectors
Dates Bands C 1 C 2 C 3 C 4 C 5 C 6
Blue 0.16 -0.02 -0.47 0.10 0.85 0.13
Green 0.14 0.05 -0.34 0.06 -0.08 -0.92
15-Mar Red 0.30 0.02 -0.63 0.37 -0.51 0.35
2007 NIR 0.11 0.88 -0.11 -0.44 -0.02 0.08
MIR 1 0.79 0.14 0.48 0.34 0.09 -0.04
MIR 2 0.49 -0.45 -0.12 -0.73 -0.08 0.05
Eigenvalues
ComponentsEigenvaluesPercent
C 1 387.92 87.13
C 2 44.94 10.09
C 3 6.19 1.39
C 4 4.03 0.91
C 5 1.68 0.38
C 6 0.48 0.11
Total 445.42 100
Appendix F. Image classification accuracy assessment report  
Table F.1. Error Matrix
Reference Data
 Classified Data  Zero  Gallry forest  Dry forest   Woodland  Shrub  Grass  Fallow  Swampy zones  Hum activities  Row Total
Zero (0) 8 0 0 0 0 0 0 0 1 9
 Gallery forest 0 8 0 2 0 0 0 0 0 10
 Dry forest 0 0 57 8 1 0 0 0 0 66
Woodland 0 0 3 31 0 0 1 0 0 35
 Shrub savanna 0 0 0 2 49 1 2 0 2 56
 Grass savanna 0 0 0 0 0 4 0 0 0 4
 Fallow field 0 0 0 0 1 0 4 0 1 6
 Swampy zones 0 0 0 0 0 0 0 0 0 0
 Human activities 0 0 3 5 4 6 3 0 78 99
 Column Total 8 8 63 48 55 11 10 0 82 285
Table F.2. Accuracy Totals
  Class name  Reference totals  Classified totals  Number correct  Producers Accuracy (%)  Users Accuracy (%)
 Zero (0) 8 9 0 ---------- ----------
 Gallery forest 8 10 8 100 80
 Dry forest 63 66 57 90.48 86.36
Woodland 48 35 31 64.58 88.57
 Shrub savanna 55 56 49 89.09 87.5
 Grass savanna 11 4 4 36.36 100
 Fallow field 10 6 4 40 66.67
 Water 0 0 0 ---------- ----------
 Human activities 82 99 78 95.12 78.79
 Column Total 285 285 239
Overall Accuracy = 83.86
Table F.3. KAPPA Statistics
Overall Kappa Statistics = 0.7949
Conditional Kappa for each Category
 Class name  Kappa
 Zero (0) 0.8857
 Gallery forest 0.7942
 Dry forest 0.8249
 Woodland 0.8626
 Shrub savanna 0.8451
 Grass savanna 1.0000
 Fallow field 0.6545
 Water 0.0000
 Human activities 0.7022
Appendix G. Daily weather information in Katiali, November 2008-May 2009
Daily weather information for November 2008
Dates T (*F) T (*C) Hum (%) Rain (mm) Wind (m/s) Wind (MPH) Barom (in)
11/1/2007 94 34 94 0.1 4 9 29.91
11/2/2007 95 35 94 0 4.9 11 29.91
11/3/2007 93 34 93 0 4.9 11 29.93
11/4/2007 94 34 94 0 4.9 11 29.93
11/5/2007 93 34 90 0 5.4 12 29.94
11/6/2007 94 34 89 0 4.9 11 29.93
11/7/2007 93 34 89 0 5.4 12 29.88
11/8/2007 94 34 92 0 4.5 10 29.9
11/9/2007 94 34 91 0 4 9 29.94
11/10/2007 94 34 89 0 4.5 10 29.95
11/11/2007 94 34 86 0 5.8 13 29.95
11/12/2007 95 35 90 0 8 18 29.93
11/13/2007 93 34 91 0 5.8 13 29.92
11/14/2007 93 34 88 0 6.7 15 29.9
11/15/2007 93 34 90 0 5.8 13 29.87
11/16/2007 92 33 88 0 5.4 12 29.88
11/17/2007 96 36 89 0 5.4 12 29.9
11/18/2007 98 37 87 0 4 9 29.86
11/19/2007 95 35 86 0 4 9 29.88
11/20/2007 94 34 90 0 5.4 12 29.96
11/21/2007 93 34 88 0 5.4 12 29.99
11/22/2007 96 36 86 0 4.5 10 29.97
11/23/2007 97 36 88 0 5.4 12 29.9
11/24/2007 97 36 84 0 5.4 12 29.91
11/25/2007 96 36 92 0 5.4 12 29.93
11/26/2007 95 35 93 0 4.5 10 29.96
11/27/2007 97 36 92 0 4.9 11 29.92
11/28/2007 98 37 89 0 6.3 14 29.87
11/29/2007 95 35 94 0 5.4 12 29.89
11/30/2007 96 36 93 0 4.9 11 29.9
Daily weather conditions for December 2008
Dates T (*F) T (*C) Hum (%) Rain (mm) Wind (m/s) Wind (MPH) Barom (in)
12/1/2007 98 37 92 0 4.9 11 29.9
12/2/2007 99 37 89 0 7.2 16 29.91
12/4/2007 98 37 78 0 4 9 29.87
12/5/2007 88 31 76 0 4.9 11 29.97
12/6/2007 88 31 74 0 4.9 11 30.01
12/7/2007 91 33 79 0 4.5 10 30
12/8/2007 93 34 81 0 4 9 30.01
12/9/2007 95 35 83 0 5.8 13 29.98
12/10/2007 96 36 78 0 5.4 12 29.94
12/11/2007 93 34 77 0 4.9 11 29.97
12/12/2007 96 36 77 0 4.9 11 29.98
12/13/2007 96 36 78 0 5.8 13 29.93
12/14/2007 95 35 74 0 4 9 29.91
12/15/2007 97 36 75 0 3.1 7 29.87
12/16/2007 92 33 86 0 5.4 12 29.88
12/17/2007 96 36 86 0 4.9 11 29.9
12/18/2007 93 34 74 0 4.9 11 29.89
12/19/2008 94 34 74 0 5.8 13 29.87
12/20/2008 96 36 76 0 8 18 29.87
12/21/2008 96 36 73 0 6.7 15 29.89
12/22/2008 93 34 70 0 5.4 12 29.93
12/23/2008 95 35 80 0 6.3 14 29.94
12/24/2008 94 34 74 0 6.7 15 29.95
12/25/2008 91 33 77 0 7.2 16 29.93
12/26/2008 93 34 72 0 4.5 10 29.89
12/27/2008 94 34 78 0 5.4 12 29.88
12/28/2008 95 35 74 0 5.4 12 29.88
12/29/2008 96 36 73 0 5.4 12 29.89
12/30/2008 95 35 65 0 4.9 11 29.93
12/31/2008 96 36 73 0 6.7 15 29.96
Daily weather conditions for January 2009
Dates T (*F) T (*C) Hum (%) Rain (mm) Wind (m/s) Wind (MPH) Barom (in)
1/1/2009 97 36 70 0 7.2 16 29.92
1/2/2009 93 34 61 0 6.7 15 29.95
1/3/2009 94 34 71 0 6.3 14 29.98
1/4/2009 94 34 69 0 6.7 15 29.96
1/5/2009 96 36 69 0 4.5 10 29.96
1/6/2009 95 35 64 0 6.3 14 29.91
1/7/2009 94 34 66 0 4.9 11 29.88
1/8/2009 95 35 64 0 4 9 29.91
1/9/2009 94 34 68 0 5.4 12 29.97
1/10/2009 94 34 65 0 3.6 8 30.01
1/11/2009 94 34 69 0 5.8 13 29.95
1/12/2009 94 34 56 0 4.9 11 29.92
1/13/2009 91 33 65 0 4.9 11 29.96
1/14/2009 92 33 63 0 6.3 14 29.97
1/15/2009 78 26 48 0 0.4 1 29.85
1/16/2009 93 34 59 0 4.9 11 29.92
1/17/2009 92 33 67 0 4 9 29.96
1/18/2009 83 28 42 0 6.7 15 30.03
1/19/2009 83 28 50 0 5.8 13 30.05
1/20/2009 81 27 42 0 6.7 15 30.04
1/21/2009 82 28 52 0 6.7 15 30.01
1/22/2009 89 32 61 0 6.7 15 30.02
1/23/2009 85 29 36 0 8 18 30.04
1/24/2009 87 31 50 0 6.7 15 30.01
1/25/2009 93 34 56 0 4.9 11 29.99
1/26/2009 94 34 56 0 4.9 11 29.96
1/27/2009 97 36 58 0 4.5 10 29.96
1/28/2009 95 35 58 0 6.3 14 29.96
1/29/2009 99 37 60 0 6.3 14 29.93
1/30/2009 99 37 58 0 5.8 13 29.93
1/31/2009 100 38 56 0 5.4 12 29.91
Daily weather conditions for February 2009
Dates T (*F) T (*C) Hum (%) Rain (mm) Wind (m/s) Wind (MPH) Barom (in)
2/1/2009 100 38 53 0 5.4 12 29.88
2/2/2009 100 38 81 0 5.8 13 29.89
2/4/2009 100 38 78 0.2 11.6 26 29.92
2/5/2009 100 38 85 0 4.5 10 29.91
2/6/2009 102 39 77 0 5.8 13 29.9
2/7/2009 102 39 73 0 5.8 13 29.86
2/8/2009 95 35 41 0 6.3 14 29.92
2/9/2009 97 36 48 0 8 18 29.94
2/10/2009 100 38 60 0 5.8 13 29.95
2/11/2009 100 38 50 0 5.8 13 29.91
2/12/2009 101 38 55 0 5.8 13 29.84
2/13/2009 101 38 61 0 4.9 11 29.81
2/14/2009 101 38 71 0 7.2 16 29.82
2/15/2009 101 38 68 0 7.2 16 29.79
2/16/2009 97 36 73 0 7.2 16 29.81
2/17/2009 94 34 71 0 5.4 12 29.87
2/18/2009 90 32 75 0 7.2 16 29.85
2/19/2009 84 29 93 6.3 10.7 24 29.94
2/20/2009 94 34 89 0 6.7 15 29.92
2/21/2009 99 37 80 0 6.7 15 29.87
2/22/2009 100 38 75 0 6.7 15 29.87
2/23/2009 100 38 71 0 6.7 15 29.8
2/24/2009 99 37 72 0 4.9 11 29.79
2/25/2009 98 37 74 0 5.4 12 29.82
2/26/2009 99 37 71 0 5.8 13 29.84
2/27/2009 101 38 77 0 5.8 13 29.82
2/28/2009 99 37 75 0 5.8 13 29.88
Daily weather conditions for March 2009
Dates T (*F) T (*C) Hum (%) Rain (mm) Wind (m/s) Wind (MPH) Barom (in)
3/1/2009 101 38 74 0 8 18 29.89
3/2/2009 95 35 90 3.6 4.5 10 29.92
3/3/2009 100 38 81 0 6.7 15 29.85
3/4/2009 100 38 77 0 4.9 11 29.85
3/5/2009 97 36 76 0 6.3 14 29.87
3/6/2009 102 39 76 0 4.9 11 29.88
3/7/2009 81 27 54 0 2.2 5 29.71
3/8/2009 102 39 48 0 6.7 15 29.83
3/9/2009 103 39 71 0 6.3 14 29.82
3/10/2009 102 39 69 0 6.3 14 29.81
3/11/2009 87 31 76 0 7.2 16 29.9
3/12/2009 98 37 83 0 5.8 13 29.88
3/13/2009 97 36 91 18.3 7.2 16 29.86
3/14/2009 97 36 76 0 6.3 14 29.87
3/15/2009 102 39 76 0 4.9 11 29.88
3/16/2009 81 27 54 0 2.2 5 29.71
3/17/2009 102 39 48 0 6.7 15 29.83
3/18/2009 103 39 71 0 6.3 14 29.82
3/19/2009 102 39 69 0 6.3 14 29.81
3/20/2009 87 31 76 0 7.2 16 29.9
3/21/2009 98 37 83 0 5.8 13 29.88
3/22/2009 97 36 91 18.3 7.2 16 29.86
3/23/2009 92 33 77 0 8 18 29.9
3/24/2009 99 37 90 0 6.3 14 29.9
3/25/2009 98 37 77 0 8 18 29.85
3/26/2009 97 36 80 0.3 9.4 21 29.85
3/27/2009 87 31 90 11.9 6.7 15 29.87
3/28/2009 95 35 92 0 5.4 12 29.9
3/29/2009 86 30 84 2.8 5.8 13 29.95
3/30/2009 97 36 90 0 4 9 29.9
3/31/2009 101 38 83 0 5.4 12 29.84
Daily wether conditions for April 2009
Dates T (*F) T (*C) Hum (%) Rain (mm) Wind (m/s) Wind (MPH) Barom (in)
4/1/2009 98 37 86 0 11.2 25 29.83
4/2/2009 95 35 83 0 11.2 25 29.83
4/4/2009 99 37 71 0 8.9 20 29.85
4/5/2009 97 36 84 0 5.4 12 29.88
4/6/2009 99 37 80 0 6.7 15 29.89
4/7/2009 89 32 75 0 4 9 29.91
4/8/2009 100 38 81 0 4.9 11 29.92
4/9/2009 100 38 76 0 8 18 29.85
4/10/2009 99 37 77 0 9.4 21 29.84
4/11/2009 93 34 79 0 7.2 16 29.87
4/12/2009 98 37 80 0.3 11.6 26 29.87
4/13/2009 94 34 90 11.2 6.3 14 29.95
4/14/2009 91 33 92 0.5 6.7 15 29.95
4/15/2009 98 37 86 0 7.2 16 29.94
4/16/2009 93 34 91 4.8 14.3 32 29.95
4/17/2009 95 35 93 0 4.5 10 29.95
4/18/2009 98 37 87 0 6.3 14 29.88
4/19/2009 95 35 81 0 6.3 14 29.9
4/20/2009 98 37 88 7.1 25 56 29.93
4/21/2009 84 29 91 1.3 6.3 14 30.03
4/22/2009 96 36 93 0.3 5.4 12 29.87
4/23/2009 101 38 87 0 4.9 11 29.8
4/24/2009 98 37 82 0 4.9 11 29.85
4/25/2009 100 38 88 0 5.4 12 29.86
4/26/2009 99 37 75 0 4.9 11 29.87
4/27/2009 101 38 83 0 9.4 21 29.9
4/28/2009 96 36 81 0 5.8 13 29.88
4/29/2009 98 37 86 0 5.8 13 29.91
4/30/2009 93 34 82 0 7.2 16 29.95
Daily weather conditions for May 2009
Dates T (*F) T (*C) Hum (%) Rain (mm) Wind (m/s) Wind (MPH) Barom (in)
5/1/2009 102 39 89 0 8.9 20 29.87
5/2/2009 99 37 85 0 6.7 15 29.83
5/3/2009 97 36 88 12.4 13.9 31 29.92
5/4/2009 90 32 91 9.9 8 18 29.92
5/5/2009 92 33 92 20.3 18.3 41 29.88
5/6/2009 90 32 93 0 4.9 11 29.91
5/7/2009 93 34 90 1 6.3 14 29.93
5/8/2009 90 32 93 0 4 9 29.92
5/9/2009 95 35 88 0 5.8 13 29.88
5/10/2009 92 33 92 13.5 10.7 24 29.89
5/11/2009 88 31 93 0.5 6.7 15 29.9
5/12/2009 90 32 94 0.3 4.5 10 29.9
5/13/2009 95 35 91 31 4 9 29.96
5/14/2009 94 34 93 0.3 4.5 10 29.93
5/15/2009 84 29 86 0 8.5 19 29.9
5/16/2009 End of data collection in Katiali
5/17/2009
5/18/2009
5/19/2009
5/20/2009
5/21/2009
5/22/2009
5/23/2009
5/24/2009
5/25/2009
5/26/2009
5/27/2009
5/28/2009
5/29/2009
5/30/2009
5/31/2009
Appendix H. Dry season burning period hourly weather conditions
Early dry season period
Weather data in December 6, 2007 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 64 18 70 0 0 0 0
1:00 68 20 55 0 0 0.4 1
2:00 68 20 50 0 0 2.2 5
3:00 68 20 48 0 0 0.9 2
4:00 68 20 45 0 0 3.1 7
5:00 68 20 42 0 0 3.6 8
6:00 68 20 37 0 0 3.6 8
7:00 67 19 40 0 0 3.6 8
8:00 69 21 41 0 0 2.7 6
9:00 73 23 30 0 0 4 9
10:00 76 24 26 0 0 4.9 11
11:00 77 25 28 0 0 4.9 11
12:00 82 28 24 0 0 4 9
13:00 84 29 24 0 0 4 9
14:00 85 29 24 0 0 4 9
15:00 86 30 23 0 0 3.6 8
16:00 85 29 24 0 0 3.1 7
17:00 85 29 27 0 0 3.1 7
18:00 80 27 39 0 0 0.9 2
19:00 75 24 45 0 0 0 0
20:00 72 22 50 0 0 0.4 1
21:00 69 21 59 0 0 0 0
22:00 69 21 53 0 0 0.4 1
23:00 69 21 53 0 0 0 0
Weather data in December 15, 2007 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 66 19 65 0 0 0 0
1:00 64 18 66 0 0 0.4 1
2:00 62 17 74 0 0 0.4 1
3:00 61 16 77 0 0 0.4 1
4:00 61 16 74 0 0 0 0
5:00 59 15 79 0 0 0 0
6:00 58 14 78 0 0 0 0
7:00 58 14 79 0 0 0 0
8:00 67 19 57 0 0 0.9 2
9:00 76 24 38 0 0 2.7 6
10:00 83 28 28 0 0 3.6 8
11:00 89 32 20 0 0 5.8 13
12:00 93 34 18 0 0 4.9 11
13:00 95 35 17 0 0 4.5 10
14:00 95 35 17 0 0 4.5 10
15:00 95 35 18 0 0 4 9
16:00 95 35 18 0 0 3.6 8
17:00 93 34 19 0 0 2.7 6
18:00 85 29 34 0 0 0.9 2
19:00 77 25 40 0 0 0 0
20:00 74 23 47 0 0 0.9 2
21:00 71 22 52 0 0 0 0
22:00 70 21 62 0 0 1.8 4
23:00 67 19 64 0 0 3.6 8
Weather data in December 25, 2007 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 65 18 59 0 0 0.4 1
1:00 63 17 60 0 0 0 1
2:00 51 16 65 0 0 0 0
3:00 61 16 70 0 0 0.4 1
4:00 60 16 73 0 0 0 0
5:00 59 15 73 0 0 0 0
6:00 58 14 76 0 0 0 0
7:00 57 14 73 0 0 0 0
8:00 63 17 69 0 0 0.9 2
9:00 73 23 43 0 0 1.8 4
10:00 81 27 26 0 0 4.5 10
11:00 86 30 20 0 0 4 9
12:00 89 32 19 0 0 4.9 11
13:00 92 33 17 0 0 5.4 12
14:00 93 34 16 0 0 5.8 13
15:00 93 34 16 0 0 4.9 11
16:00 93 34 16 0 0 4 9
17:00 92 33 17 0 0 3.1 7
18:00 85 29 31 0 0 1.8 4
19:00 77 25 37 0 0 0 0
20:00 73 23 43 0 0 0.9 2
21:00 70 21 48 0 0 2.7 6
22:00 68 20 48 0 0 1.3 3
23:00 66 19 52 0 0 0 0
Weather data in December 30, 2007 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 66 19 49 0 0 0.4 1
1:00 64 18 50 0 0 0 0
2:00 61 16 59 0 0 0 0
3:00 59 15 60 0 0 0 0
4:00 59 15 60 0 0 0.4 1
5:00 60 16 55 0 0 0 0
6:00 59 15 54 0 0 0 0
7:00 58 14 60 0 0 0 0
8:00 64 18 44 0 0 1.8 4
9:00 71 22 36 0 0 2.7 6
10:00 78 26 27 0 0 3.6 8
11:00 83 28 22 0 0 4.5 10
12:00 86 30 20 0 0 4 9
13:00 90 32 16 0 0 4 9
14:00 91 33 16 0 0 4.5 10
15:00 92 33 16 0 0 3.6 8
16:00 92 33 16 0 0 4.5 10
17:00 90 32 18 0 0 3.1 7
18:00 85 29 31 0 0 1.3 3
19:00 75 24 38 0 0 0 0
20:00 72 22 38 0 0 0 0
21:00 70 21 40 0 0 0 0
22:00 69 21 43 0 0 0 0
23:00 66 19 52 0 0 0 0
Weather data in November 23, 2008 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 68 20 76 0 0 0.4 1
1:00 66 19 83 0 0 0.4 1
2:00 65 18 82 0 0 0 0
3:00 64 18 82 0 0 0 0
4:00 63 17 84 0 0 0 0
5:00 64 18 81 0 0 0.4 1
6:00 61 16 86 0 0 0 0
7:00 63 17 87 0 0 0.9 2
8:00 72 22 65 0 0 1.8 4
9:00 79 26 45 0 0 1.8 4
10:00 87 31 32 0 0 3.6 8
11:00 91 33 26 0 0 4.9 11
12:00 93 34 25 0 0 4.9 11
13:00 96 36 21 0 0 4.9 11
14:00 96 36 21 0 0 4.9 11
15:00 97 36 21 0 0 4.5 10
16:00 97 36 21 0 0 4 9
17:00 82 33 28 0 0 3.6 8
18:00 83 28 45 0 0 0.4 1
19:00 78 26 50 0 0 0 0
20:00 74 23 57 0 0 0 0
21:00 72 22 63 0 0 5.4 12
22:00 72 22 62 0 0 0.4 1
23:00 68 20 71 0 0 0 0
Weather data in December 1, 2008 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 77 25 78 0 0 0.9 2
1:00 76 24 82 0 0 1.8 4
2:00 75 24 85 0 0 2.7 6
3:00 73 23 88 0 0 0.9 2
4:00 73 22 90 0 0 0.4 1
5:00 73 23 88 0 0 0.4 1
6:00 72 22 90 0 0 0 0
7:00 72 22 85 0 0 0 0
8:00 77 25 72 0 0 2.2 5
9:00 83 28 60 0 0 3.6 8
10:00 88 31 52 0 0 3.6 8
11:00 92 33 42 0 0 4.9 11
12:00 94 34 36 0 0 4 9
13:00 96 36 33 0 0 4.5 10
14:00 97 36 31 0 0 4 9
15:00 97 36 31 0 0 4.5 10
16:00 97 36 31 0 0 4 9
17:00 95 35 33 0 0 3.6 8
18:00 87 31 57 0 0 0.9 2
19:00 82 28 52 0 0 0 0
20:00 79 26 61 0 0 0 0
21:00 78 26 58 0 0 0 0
22:00 76 24 65 0 0 0 0
23:00 74 23 75 0 0 0 0
Weather data in December 16, 2008 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 76 24 53 0 0 1.8 4
1:00 76 24 51 0 0 0.9 2
2:00 75 24 69 0 0 2.2 5
3:00 72 22 76 0 0 0.9 2
4:00 73 23 79 0 0 2.2 5
5:00 72 22 79 0 0 2.7 6
6:00 70 21 83 0 0 0.9 2
7:00 69 21 85 0 0 0.9 2
8:00 74 23 78 0 0 1.3 3
9:00 80 27 55 0 0 2.7 6
10:00 80 27 56 0 0 3.1 7
11:00 84 28 45 0 0 3.6 8
12:00 84 29 49 0 0 5.4 12
13:00 87 31 40 0 0 5.4 12
14:00 89 32 37 0 0 4 9
15:00 92 33 35 0 0 3.6 8
16:00 89 32 35 0 0 3.1 7
17:00 87 31 43 0 0 0.9 2
18:00 82 28 51 0 0 2.2 5
19:00 80 27 57 0 0 0.9 2
20:00 78 26 59 0 0 2.2 5
21:00 76 24 62 0 0 0.4 1
22:00 77 25 61 0 0 1.3 3
23:00 74 23 64 0 0 0.9 2
Weather data in December 30, 2008 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 66 19 54 0 0 0 0
1:00 64 18 55 0 0 0 0
2:00 63 17 57 0 0 0.9 2
3:00 64 18 55 0 0 0.9 2
4:00 62 17 58 0 0 0.4 1
5:00 60 16 62 0 0 0 0
6:00 62 17 52 0 0 1.8 4
7:00 62 17 59 0 0 2.2 5
8:00 65 18 57 0 0 1.3 3
9:00 74 23 46 0 0 1.3 3
10:00 82 28 32 0 0 2.7 6
11:00 87 31 25 0 0 3.6 8
12:00 91 33 22 0 0 4 9
13:00 93 34 20 0 0 4.5 10
14:00 94 34 21 0 0 4 9
15:00 95 35 21 0 0 4.9 11
16:00 95 35 22 0 0 3.1 7
17:00 93 34 23 0 0 2.7 6
18:00 85 29 32 0 0 1.8 4
19:00 78 26 40 0 0 0 0
20:00 75 24 44 0 0 0 0
21:00 74 23 40 0 0 0 0
22:00 72 22 45 0 0 0 0
23:00 69 21 51 0 0 0 0
Middle dry season period
Weather data in January 1, 2008 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 63 17 54 0 0 0 0
1:00 65 18 46 0 0 0.9 2
2:00 64 18 47 0 0 0.9 2
3:00 61 16 49 0 0 0.9 2
4:00 60 16 52 0 0 0.9 2
5:00 59 15 50 0 0 2.7 6
6:00 57 14 54 0 0 0.4 1
7:00 55 13 59 0 0 0 0
8:00 61 16 48 0 0 1.8 4
9:00 68 20 36 0 0 2.7 6
10:00 75 24 26 0 0 3.6 8
11:00 81 27 21 0 0 4.5 10
12:00 84 29 21 0 0 4 9
13:00 88 31 19 0 0 3.6 8
14:00 90 32 18 0 0 4.5 10
15:00 91 33 18 0 0 5.4 12
16:00 91 33 16 0 0 4 9
17:00 89 32 16 0 0 4 9
18:00 84 29 20 0 0 2.2 5
19:00 75 24 30 0 0 0.4 1
20:00 72 22 32 0 0 0 0
21:00 70 21 36 0 0 0 0
22:00 67 19 40 0 0 0 0
23:00 62 17 46 0 0 0.4 1
Weather data in January 15, 2008 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 67 19 43 0 0 0 0
1:00 67 19 41 0 0 0 0
2:00 67 19 40 0 0 0 0
3:00 65 18 44 0 0 0 0
4:00 62 17 48 0 0 0 0
5:00 60 16 59 0 0 0.9 2
6:00 59 15 60 0 0 0 0
7:00 58 14 65 0 0 0 0
8:00 63 17 56 0 0 0.9 2
9:00 73 23 33 0 0 2.2 5
10:00 81 27 23 0 0 4 9
11:00 87 31 19 0 0 4.5 10
12:00 92 33 15 0 0 4.9 11
13:00 94 34 14 0 0 5.4 12
14:00 95 35 13 0 0 4.9 11
15:00 96 36 13 0 0 4 9
16:00 96 36 13 0 0 4 9
17:00 94 34 14 0 0 3.6 8
18:00 90 32 22 0 0 2.2 5
19:00 80 27 28 0 0 0.4 1
20:00 75 24 31 0 0 0 0
21:00 74 23 31 0 0 0 0
22:00 70 21 42 0 0 0 0
23:00 68 20 43 0 0 0 0
Weather data in January 21, 2008 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 65 18 33 0 0 0 0
1:00 63 17 37 0 0 0 0
2:00 61 16 40 0 0 0 0
3:00 59 15 49 0 0 0 0
4:00 58 14 45 0 0 0 0
5:00 57 14 44 0 0 0 0
6:00 63 17 31 0 0 1.8 4
7:00 62 17 32 0 0 1.3 3
8:00 68 20 24 0 0 4 9
9:00 74 23 19 0 0 6.3 14
10:00 79 26 17 0 0 7.2 16
11:00 81 27 16 0 0 7.2 16
12:00 84 29 16 0 0 7.2 16
13:00 87 31 15 0 0 4.9 11
14:00 90 32 14 0 0 5.8 13
15:00 91 33 13 0 0 4.9 11
16:00 91 33 14 0 0 4.5 10
17:00 89 32 14 0 0 4 9
18:00 85 29 16 0 0 3.1 7
19:00 77 25 22 0 0 1.3 3
20:00 74 23 24 0 0 0 0
21:00 71 22 28 0 0 2.2 5
22:00 69 21 30 0 0 0 0
23:00 67 19 32 0 0 0 0
Weather data in January 3, 2009 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 65 18 48 0 0 0 0
1:00 64 18 45 0 0 0.9 2
2:00 63 17 49 0 0 0.9 2
3:00 60 16 58 0 0 0 0
4:00 59 15 60 0 0 0 0
5:00 58 14 63 0 0 0.9 2
6:00 57 14 67 0 0 0.4 1
7:00 57 14 70 0 0 0 0
8:00 65 18 50 0 0 0.4 1
9:00 72 22 40 0 0 2.2 5
10:00 81 27 25 0 0 3.6 8
11:00 87 31 20 0 0 4.9 11
12:00 90 32 16 0 0 6.3 14
13:00 92 33 16 0 0 4.5 10
14:00 93 34 15 0 0 4.5 10
15:00 94 34 15 0 0 4.5 10
16:00 94 34 15 0 0 4 9
17:00 92 33 16 0 0 3.1 7
18:00 86 30 25 0 0 2.7 6
19:00 80 27 24 0 0 0 0
20:00 82 28 22 0 0 1.8 4
21:00 81 27 23 0 0 0.9 2
22:00 70 21 40 0 0 0.4 1
23:00 68 20 43 0 0 0.4 1
Weather data in January 15, 2009 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 65 18 45 0 0 0 0
1:00 64 18 45 0 0 0 0
2:00 64 18 41 0 0 0 0
3:00 62 17 50 0 0 0 0
4:00 61 16 56 0 0 0 0
5:00 60 16 60 0 0 0 0
6:00 59 15 58 0 0 0 0
7:00 59 15 60 0 0 0 0
8:00 65 18 43 0 0 1.8 4
9:00 72 22 34 0 0 3.6 8
10:00 77 25 26 0 0 4 9
11:00 83 28 21 0 0 5.4 12
12:00 87 31 19 0 0 4.5 10
13:00 91 33 17 0 0 4.5 10
14:00 93 34 17 0 0 4.5 10
15:00 93 34 17 0 0 5.8 13
16:00 93 34 17 0 0 4.9 11
17:00 92 33 18 0 0 4.5 10
18:00 87 31 22 0 0 3.6 8
19:00 81 27 28 0 0 0.4 1
20:00 76 24 32 0 0 0 0
21:00 76 24 31 0 0 0.4 1
22:00 71 22 38 0 0 0 0
23:00 71 22 37 0 0 0 0
Weather data in January 31, 2009 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 67 19 40 0 0 0 0
1:00 66 19 44 0 0 0 0
2:00 65 18 43 0 0 0 0
3:00 62 17 50 0 0 0.4 1
4:00 65 18 42 0 0 0.9 2
5:00 60 16 55 0 0 5.4 12
6:00 64 18 44 0 0 4.9 11
7:00 62 17 48 0 0 2.2 5
8:00 66 19 45 0 0 0.4 1
9:00 78 26 33 0 0 1.8 4
10:00 87 31 20 0 0 2.2 5
11:00 91 33 17 0 0 2.7 6
12:00 95 35 14 0 0 4 9
13:00 97 36 14 0 0 4.5 10
14:00 98 37 13 0 0 5.4 12
15:00 100 38 12 0 0 4.9 11
16:00 100 38 12 0 0 4 9
17:00 99 37 13 0 0 4.5 10
18:00 95 35 19 0 0 3.1 7
19:00 84 29 25 0 0 0 0
20:00 80 27 27 0 0 0 0
21:00 77 25 31 0 0 0 0
22:00 77 25 27 0 0 0 0
23:00 75 24 34 0 0 0 0
Weather data in February 1, 2009 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 74 23 28 0 0 0 0
1:00 73 23 37 0 0 3.1 7
2:00 68 20 45 0 0 0.9 2
3:00 69 21 40 0 0 2.7 6
4:00 67 19 45 0 0 2.2 5
5:00 66 19 49 0 0 0 0
6:00 65 18 52 0 0 1.8 4
7:00 66 19 51 0 0 0.4 1
8:00 72 22 40 0 0 0.9 2
9:00 80 27 42 0 0 1.8 4
10:00 85 29 48 0 0 4.5 10
11:00 91 33 42 0 0 4 9
12:00 94 34 36 0 0 3.6 8
13:00 96 36 30 0 0 4 9
14:00 97 36 24 0 0 4 9
15:00 99 37 23 0 0 5.4 12
16:00 99 37 22 0 0 4 9
17:00 98 37 23 0 0 4 9
18:00 95 35 28 0 0 3.1 7
19:00 86 30 36 0 0 0 0
20:00 84 29 38 0 0 0.4 1
21:00 81 27 40 0 0 1.3 3
22:00 84 29 36 0 0 0.4 1
23:00 79 26 45 0 0 0 0
Weather data in February 17, 2009 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 80 27 60 0 0 4.5 10
1:00 79 26 62 0 0 3.6 8
2:00 78 26 66 0 0 3.1 7
3:00 77 25 69 0 0 2.2 5
4:00 76 24 68 0 0 3.6 8
5:00 76 24 69 0 0 2.2 5
6:00 76 24 69 0 0 2.2 5
7:00 76 24 71 0 0 0.9 2
8:00 77 25 68 0 0 1.8 4
9:00 79 26 65 0 0 2.2 5
10:00 82 28 58 0 0 5.4 12
11:00 86 30 51 0 0 3.1 7
12:00 87 31 47 0 0 3.6 8
13:00 91 33 43 0 0 4.5 10
14:00 92 33 37 0 0 3.6 8
15:00 93 34 35 0 0 3.6 8
16:00 94 34 34 0 0 3.1 7
17:00 93 34 34 0 0 3.1 7
18:00 92 33 35 0 0 3.1 7
19:00 88 31 40 0 0 0.9 2
20:00 84 29 46 0 0 0.4 1
21:00 82 28 51 0 0 0 0
22:00 81 27 52 0 0 0.9 2
23:00 80 27 53 0 0 2.2 5
Weather data in February 28, 2009 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 84 29 52 0 0 3.1 7
1:00 82 28 56 0 0 2.7 6
2:00 82 28 56 0 0 4 9
3:00 80 27 61 0 0 2.7 6
4:00 79 26 65 0 0 2.7 6
5:00 78 26 69 0 0 1.3 3
6:00 77 25 72 0 0 0.9 2
7:00 77 25 75 0 0 0.4 1
8:00 79 26 69 0 0 3.1 7
9:00 84 29 61 0 0 4.5 10
10:00 87 31 52 0 0 5.4 12
11:00 90 32 48 0 0 4.9 11
12:00 92 33 45 0 0 5.8 13
13:00 95 35 42 0 0 4.9 11
14:00 97 36 38 0 0 4.9 11
15:00 97 36 36 0 0 5.4 12
16:00 97 36 37 0 0 4 9
17:00 96 36 38 0 0 3.6 8
18:00 94 34 39 0 0 2.2 5
19:00 88 31 50 0 0 4.9 11
20:00 85 29 53 0 0 4.9 11
21:00 83 28 56 0 0 2.2 5
22:00 82 28 57 0 0 2.2 5
23:00 82 28 59 0 0 1.8 4
Late dry season period
Weather data in March 11, 2008 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 78 26 34 0 0 0 0
1:00 76 24 41 0 0 0.9 2
2:00 77 25 44 0 0 2.2 5
3:00 79 26 52 0 0 4.9 11
4:00 79 26 57 0 0 5.4 12
5:00 78 26 61 0 0 4 9
6:00 76 24 66 0 0 2.7 6
7:00 75 24 72 0 0 3.1 7
8:00 79 26 68 0 0 4.9 11
9:00 84 29 61 0 0 8 18
10:00 87 31 54 0 0 6.7 15
11:00 91 33 47 0 0 6.3 14
12:00 92 33 44 0 0 6.7 15
13:00 96 36 39 0 0 6.3 14
14:00 99 37 33 0 0 5.4 12
15:00 98 37 32 0 0 4.9 11
16:00 97 36 33 0 0 4 9
17:00 93 34 36 0 0 7.2 16
18:00 94 34 34 0 0 1.8 4
19:00 83 28 66 0.01 0.4 4.5 10
20:00 83 28 61 0.03 0.8 5.8 13
21:00 77 25 73 0.11 3 11.2 25
22:00 78 26 76 0 0.1 4.9 11
23:00 76 24 76 0 0 6.7 15
Weather data in March 31, 2008 in Katiali
Time (hr) T (F*) T (*C) H (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 81 27 52 0 0 0.4 1
1:00 81 27 54 0 0 1.8 4
2:00 81 27 58 0 0 2.7 6
3:00 80 27 62 0 0 3.1 7
4:00 80 27 64 0 0 4 9
5:00 79 26 69 0 0 4.9 11
6:00 78 26 72 0 0 4 9
7:00 77 25 75 0 0 4.5 10
8:00 81 27 71 0 0 4.9 11
9:00 85 29 64 0 0 5.8 13
10:00 89 32 58 0 0 4.9 11
11:00 92 33 52 0 0 4.9 10
12:00 96 36 45 0 0 4 9
13:00 98 37 40 0 0 4.9 11
14:00 100 38 34 0 0 4.5 10
15:00 101 38 27 0 0 4.5 10
16:00 101 38 27 0 0 5.8 13
17:00 100 38 28 0 0 4 9
18:00 98 37 32 0 0 2.7 6
19:00 93 34 40 0 0 0.4 1
20:00 89 32 46 0 0 0.4 1
21:00 87 31 48 0 0 0.4 1
22:00 87 31 46 0 0 1.8 4
23:00 85 29 51 0 0 2.7 6
Weather data in April 1, 2008 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 83 28 57 0 0 3.1 7
1:00 83 28 59 0 0 4 9
2:00 81 27 62 0 0 2.7 6
3:00 81 27 62 0 0 4.5 10
4:00 81 27 63 0 0 8 18
5:00 80 27 67 0 0 8 18
6:00 78 26 70 0 0 6.3 14
7:00 78 26 74 0 0 4 9
8:00 79 26 71 0 0 6.3 14
9:00 83 28 64 0 0 6.3 14
10:00 86 30 59 0 0 6.3 14
11:00 88 31 55 0 0 6.3 14
12:00 91 33 51 0 0 5.8 13
13:00 92 33 49 0 0 5.8 13
14:00 94 34 47 0 0 4.9 11
15:00 95 35 45 0 0 4.9 11
16:00 95 35 43 0 0 4.5 10
17:00 96 36 41 0 0 3.6 8
18:00 93 34 45 0 0 2.7 6
19:00 90 32 51 0 0 2.2 5
20:00 87 31 57 0 0 1.8 4
21:00 87 31 57 0 0 2.7 6
22:00 86 30 59 0 0 4.5 10
23:00 84 29 53 0 0 8 18
Weather data in April 15, 2008 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 81 27 63 0 0 3.6 8
1:00 80 27 66 0 0 2.2 5
2:00 79 26 69 0 0 2.7 6
3:00 79 26 68 0 0 2.2 5
4:00 79 26 66 0 0 4.5 10
5:00 78 26 69 0 0 4.5 10
6:00 78 26 71 0 0 5.8 13
7:00 78 26 74 0 0 5.8 13
8:00 79 26 72 0 0 6.3 14
9:00 81 27 71 0 0 8 18
10:00 84 29 65 0 0 6.3 14
11:00 86 30 59 0 0 6.3 14
12:00 89 32 53 0 0 6.3 14
13:00 92 33 45 0 0 8 18
14:00 93 34 43 0 0 5.4 12
15:00 94 34 46 0 0 5.4 12
16:00 94 34 39 0 0 5.4 12
17:00 91 33 49 0 0 6.7 15
18:00 89 32 51 0 0 4.5 10
19:00 87 31 53 0 0 3.6 8
20:00 85 29 55 0 0 2.2 5
21:00 85 29 53 0 0 3.6 8
22:00 85 29 54 0 0 4.5 10
23:00 83 28 58 0 0 4.9 11
Weather data in April 17, 2008 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 73 23 90 0.03 1 6.7 15
1:00 72 22 89 0.01 0.5 5.8 13
2:00 72 22 90 0.01 0.5 4.5 10
3:00 72 22 91 0 0.2 4.5 10
4:00 72 22 90 0 0 4.9 11
5:00 72 22 90 0 0.2 4.5 10
6:00 72 22 90 0 0 2.7 6
7:00 72 22 90 0 0 3.1 7
8:00 72 22 90 0 0 4 9
9:00 72 22 87 0 0 6.3 14
10:00 76 24 83 0 0 7.2 16
11:00 81 27 70 0 0 4.5 10
12:00 86 30 60 0 0 4.5 10
13:00 86 30 57 0 0 4.5 10
14:00 86 30 59 0 0 3.6 8
15:00 87 31 56 0 0 2.7 6
16:00 87 31 58 0 0 3.1 7
17:00 86 30 61 0 0 2.7 6
18:00 84 29 69 0 0 2.2 5
19:00 82 28 74 0 0 2.2 5
20:00 81 27 78 0 0 2.2 5
21:00 80 27 81 0 0 2.2 5
22:00 78 26 85 0 0 1.8 4
23:00 78 26 83 0 0 2.7 6
Weather data in March 1, 2009 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 82 28 59 0 0 3.1 7
1:00 82 28 59 0 0 2.7 6
2:00 81 27 59 0 0 2.7 6
3:00 79 26 63 0 0 3.1 7
4:00 82 28 55 0 0 6.7 15
5:00 78 26 66 0 0 8 18
6:00 76 24 70 0 0 2.2 5
7:00 76 24 73 0 0 2.7 6
8:00 79 26 67 0 0 2.7 6
9:00 84 29 60 0 0 2.2 5
10:00 89 32 51 0 0 4.9 11
11:00 93 34 43 0 0 4.5 10
12:00 96 36 40 0 0 4 9
13:00 97 36 37 0 0 8 18
14:00 100 38 34 0 0 4.9 11
15:00 99 37 34 0 0 4.9 11
16:00 92 33 46 0 0 7.2 16
17:00 87 31 51 0 0 4 9
18:00 82 28 60 0 0 4.9 11
19:00 81 27 63 0 0 2.2 5
20:00 82 28 61 0 0 0.9 2
21:00 80 27 70 0 0 2.7 6
22:00 81 27 66 0 0 7.2 16
23:00 80 27 67 0 0 5.8 13
Weather data in March 13, 2009 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 81 27 61 0 0 1.8 4
1:00 80 27 68 0 0 3.1 7
2:00 78 26 71 0 0 2.2 5
3:00 76 24 73 0 0 4.9 11
4:00 72 22 84 0.01 0.3 7.2 16
5:00 72 22 84 0 0 5.4 12
6:00 68 20 90 0.71 18 4.9 11
7:00 69 21 91 0 0 2.7 6
8:00 71 22 89 0 0 3.1 7
9:00 76 24 80 0 0 4 9
10:00 79 26 70 0 0 4 9
11:00 84 29 64 0 0 3.6 8
12:00 91 33 51 0 0 3.6 8
13:00 94 34 44 0 0 4 9
14:00 95 35 44 0 0 4 9
15:00 97 36 39 0 0 4 9
16:00 94 34 45 0 0 3.6 8
17:00 93 34 42 0 0 4.5 10
18:00 91 33 50 0 0 4.5 10
19:00 88 31 54 0 0 3.1 7
20:00 86 30 60 0 0 0.9 2
21:00 84 29 62 0 0 0.4 1
22:00 83 28 67 0 0 0.4 1
23:00 83 28 68 0 0 0.4 1
Weather data in April 5, 2009 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 75 24 70 0 0 0.4 1
1:00 75 24 73 0 0 0.9 2
2:00 75 24 74 0 0 2.2 2
3:00 76 24 72 0 0 5.4 12
4:00 75 24 78 0 0 4.5 10
5:00 74 23 82 0 0 3.6 8
6:00 73 23 83 0 0 3.1 7
7:00 73 23 83 0 0 2.2 5
8:00 77 25 76 0 0 3.6 8
9:00 81 27 66 0 0 4 9
10:00 87 31 56 0 0 3.1 7
11:00 89 32 53 0 0 3.6 8
12:00 92 33 49 0 0 4.5 10
13:00 94 34 45 0 0 4 9
14:00 95 36 41 0 0 4.5 10
15:00 96 36 41 0 0 4.5 10
16:00 97 36 36 0 0 4.5 10
17:00 95 35 38 0 0 3.6 8
18:00 91 33 46 0 0 0.4 1
19:00 88 31 50 0 0 0.4 1
20:00 87 31 57 0 0 1.8 4
21:00 84 29 61 0 0 1.8 4
22:00 84 29 58 0 0 3.6 8
23:00 82 28 63 0 0 2.2 5
Weather data in April 10, 2009 in Katiali
Time (hr) T (F*) T (*C) Hum (%) Rain (in) Rain (mm) Wind (m/s) Wind (MPH)
0:00 83 28 59 0 0 4 9
1:00 82 28 62 0 0 6.3 14
2:00 81 27 64 0 0 4.5 10
3:00 80 27 67 0 0 4 9
4:00 79 26 70 0 0 3.1 7
5:00 78 26 72 0 0 2.7 6
6:00 77 25 75 0 0 1.8 4
7:00 78 26 74 0 0 1.3 3
8:00 81 27 68 0 0 4 9
9:00 83 28 67 0 0 4.5 10
10:00 88 31 59 0 0 4.5 10
11:00 92 33 52 0 0 5.4 12
12:00 93 34 51 0 0 5.4 12
13:00 97 36 45 0 0 5.8 13
14:00 98 37 43 0 0 4.9 11
15:00 99 37 41 0 0 5.4 12
16:00 99 37 41 0 0 4.5 10
17:00 98 37 41 0 0 4.9 11
18:00 94 34 43 0 0 4 9
19:00 89 32 46 0 0 6.3 14
20:00 85 29 57 0 0 5.4 12
21:00 85 29 55 0 0 9.4 21
22:00 82 28 68 0 0 5.4 12
23:00 79 26 74 0 0 5.8 13
Appendix I. Fire temperatures (
o
F) measured during the dry season
Fire temperatures measured in different savanna vegetation types in the early dry season
Vegetation type Minimum (
o
F) Maximum (
o
F) Mean (
o
F) Std Dev. (
o
F)
Fallow field 97 602 284 148
Grass savanna 76 530 350 126
Shrub savanna 86 492 340 101
Savanna woodland 76 378 240 75
Dry forest 97 373 225 104
Gallery forest
Fire temperatures measured in different savanna vegetation types in the middle dry season
Vegetation type Minimum (
o
F) Maximum (
o
F) Mean (
o
F) Std Dev. (
o
F)
Fallow field 91 458 284 94
Grass savanna 85 1009 460 220
Shrub savanna 101 458 256 82
Savanna woodland 96 581 333 114
Dry forest 98 502 288 80
Gallery forest 95 624 327 98
Fire temperatures measured in different savanna vegetation types in the late dry season
Vegetation type Minimum (
o
F) Maximum (
o
F) Mean (
o
F) Std Dev. (
o
F)
Fallow field 108 517 304 99
Grass savanna 105 540 326 128
Shrub savanna 98 624 331 132
Savanna woodland 83 489 260 90
Dry forest 104 469 295 80
Gallery forest
Fire temperatures measured in different savanna vegetation types during the burning season 
Vegetation type Minimum (
o
F) Maximum (
o
F) Mean (
o
F) Std Dev. (
o
F)
Fallow field 91 602 295 100
Grass savanna 76 1009 386 183
Shrub savanna 86 624 308 121
Savanna woodland 76 581 281 103
Dry forest 97 502 289 81
Gallery forest 95 624 327 98
Fire temperatures measured in the early, middle, and late dry burning seasons 
Vegetation type Minimum (
o
F) Maximum (
o
F) Mean (
o
F) Std Dev. (
o
F)
Early dry season 76 602 302 122
Middle dry season 85 1009 329 136
Late dry season 83 624 291 107
Entire dry season 76 1009 309 123
Fire temperatures mean values measured in different vegetation types 
and in the burning season periods 
 Vegetation type  Early dry season  Middle dry season  Late dry season
 Fallow field 284 284 304
 Grass savanna 350 460 326
 Shrub savanna 340 256 331
 Savanna woodland 240 333 260
 Dry forest 225 288
 Gallery forest 327
Appendix J. Minimum, maximum, and mean values of the combustion 
efficiency (%) in the sudanian savanna during the dry season
Minimum, maximum, and mean values of burning efficiency (%)   
 in each vegetation type in the early dry season
  Vegetation type  Minimum (%)  Maximum (%)  Mean (%)  Std Dev. (%)
 Fallow field 20 50 31 13
 Grass savanna 99 99 99 0
 Shrub savanna 47 80 71 15
 Savanna woodland 45 90 57 18
 Dry forest 49 80 55 12
 Gallery forest
Minimum, maximum, and mean values of burning efficiency (%) 
 in each vegetation type in the middle dry season  
 Vegetation type  Minimum (%)  Maximum (%)  Mean (%)  Std Dev. (%)
 Fallow field 45 80 56 14
 Grass savanna 99 99 99 0
 Shrub savanna 80 99 88 9
 Savanna woodland 70 90 77 8
 Dry forest 80 90 83 4
 Gallery forest 10 89 41 39
Minimum, maximum, and mean values of burning efficiency (%)  
in each vegetation type in the late dry season  
 Vegetation type  Minimum (%)  Maximum (%)  Mean (%)  Std Dev. (%)
 Fallow field 47 70 57 10
 Grass savanna 99 99 99 0
 Shrub savanna 45 99 64 26
 Savanna woodland 40 80 67 16
 Dry forest 80 80 80 0
 Gallery forest
Minimum, maximum, and mean values of burning efficiency (%) by dry season period
 Burning periods  Minimum (%)  Maximum (%)  Mean (%)  Std Dev. (%)
 Early dry season 20 99 67 25
 Middle dry season 10 99 72 29
 Late dry season 40 99 71 20
 Entire dry season 10 99 71 25
Minimum. Maximum, and mean values of burning efficiency (%)
 by vegetation type for the entire 2006/07 dry season period
 Vegetation type  Minimum (%)  Maximum (%)  Mean (%)  Std Dev. (%)
 Fallow field 20 80 54 14
 Grass savanna 99 99 99 0
 Shrub savanna 45 99 74 23
 Savanna woodland 40 90 68 16
 Dry forest 49 90 78 11
 Gallery forest 10 89 41 39
Mean values of burning efficiency (%) by vegetation type and by dry burning period 
 Vegetation type  Early dry season  Middle dry season  Late dry season
 Fallow field 31 56 57
 Grass savanna 99 99 99
 Shrub savanna 71 88 64
 Savanna woodland 57 77 67
 Dry forest 55 83 80
Gallery forest 41
Not efficient 0-49%
Efficient 50-89%
Very efficient 90-100%
Appendix K. Fuel types and loads (ton/ha) by vegetation type in the sudanian
 savanna in Katiali, 2009
Fallow fields
Veg. types Fuel types PM (gr/m2) PM (t/ha) PM (%) Mean (t/ha)
Dry grasses 194.33 1.94 50.13
Fallow field Dry leaves 4.67 0.05 1.29
in Pkala Mixture of dry grasses, dry leaves, flowers, litters 187.67 1.88 48.58
Total 386.67 3.87 100
Dry and fresh leaves  220.67 2.21 54.43
Dry and fresh grasses 96.33 0.96 23.65
Fallow field Small branches 8.67 0.09 2.22
in Lepehe Cattle dung  8.66 0.08 1.97
Mixture of leaves, grasses, cattle dung, litter 71.67 0.72 17.73
Total 406 4.06 100
Dry and fresh leaves 55 0.55 10
Fallow field Dry and fresh grasses 318 3.18 57.82
in Gobohloh Small branches 12.67 0.13 2.36
Mixture of dry leaves, dry and fresh grasses, 
stems, small woods,  small branches,  
fruits of grasses, litter 164.66 1.64 29.82
Total 550.33 5.5 100 4.5
Grass savannas
Veg. types Fuel types PM (gr/m2) PM (t/ha) PM (%) Mean (t/ha)
Dry leaves 51 0.51 7.85
Grass savanna Dry grasses 545.67 5.45 83.85
in Pkala Mixture of dry leaves, dry grasses, litter 53.67 0.54 8.31
Total 650.33 6.5 100
Dry grasses 594.67 5.95 78.5
Dry leaves 6.66 0.06 0.79
Grass savanna Dry woods 22 0.22 2.9
in Lepehe Mixture of dry grasses, leaves, barks, litter 135 1.35 17.81
Total 758.33 7.58 100
Grasses 292 2.92 77.04
Grass savanna Mixture of grasses, leaves, small branches,    
in Gobohloh flowers, cattle dung 87.33 0.87 22.96
Total 379.33 3.79 100 5.5
Shrub savannas
Veg. types Fuel types PM (gr/m2) PM (t/ha) PM (%) Mean (t/ha)
Dry leaves 358.67 3.59 35.65
Shrub savanna Dry and few fresh grasses 173.33 1.73 17.23
in Pkala Dry wood, small branches, barks   96.33 0.96 9.58
Mixture of small branches, dry leaves, grasses, 
stem, litter 377.67 3.78 37.54
Total 1006 10.06 100
Dry leaves 170.67 1.71 26.64
Shrub savanna Dry and fresh grasses 378.67 3.79 59.03
 in Lepehe Dry woods and small branches 33.33 0.33 5.14
Mixture of dry leaves, dry grasses, litter, small 
branches, seed from tree fruits 59.33 0.59 9.19
Total 642 6.42 100
Dry leaves 108.67 1.09 44.67
Shrub savanna Dry grasses 87 0.87 35.66
in Gobohloh Mixture leaves, dry grasses, small branches, litter   48.33 0.48 19.67
Total 244 2.44 100 6.1
Savanna woodlands
Veg. types Fuel types PM (gr/m2) PM (t/ha) PM (%) Mean (t/ha)
Dry leaves 311.67 3.12 31.39
Savanna Dry and fresh grasses 98 0.98 9.86
woodland Dry woods, branches, and barks  195 1.95 19.62
in Pkala Mixture of dry and fresh leaves, dry and 
fresh grasses, litter 389.66 3.89 39.13
Total 994.33 9.94 100
Dry leaves 412.33 4.12 38.04
Savanna Dry and fresh grasses 217.33 2.17 20.04
woodland Dry woods, small branches, fruits of trees  273.67 2.74 25.3
in Lepehe Mixture of dry leaves, dry and fresh grasses, 
small branches, animal (not cattle) dung, litter  180 1.8 16.62
Total 1083.33 10.83 100
Dry leaves 193 1.93 42.98
Savanna Dry grasses 98.67 0.99 22.05
woodland Small branches and barks    32 0.32 7.13
in Gobohloh Mixture of dry leaves, dry grasses,  
small branches, litter  125.66 1.25 27.84
Total 449.33 4.49 100 8.3
Dry forests
Veg. types Fuel types PM (gr/m2) PM (t/ha) PM (%) Mean (t/ha)
Dry and fresh leaves 436 4.36 65.47
Dry forest  Dry woods, small branches, fruits 
in Gobohloh of trees, creepers 110.67 1.11 16.67
Mixture of dry leaves, small branches, litter  119.33 1.19 17.87
Total 666 6.66 100 6.7
Gallery forests
Veg. types Fuel types PM (gr/m2) PM (t/ha) PM (%) Mean (t/ha)
Dry leaves 284 2.84 33.69
Gallery forest Dry grasses 67.67 0.67 7.95
in Pkala Dry woods, fruits, branches, and barks  234 2.34 27.76
Mixture of dry leaves, dry grasses, litter, 
branches, barks, dry fruits, flowers 258 2.58 30.6
Total 843.67 8.43 100
Dry leaves 357 3.57 52.97
Gallery forest Small branches 28 0.28 4.15
in Gobohloh Mixture of dry and fresh leaves, small 
branches, dry flowers, fruits of trees 
and of grasses, cattle dung, litter 289 2.89 42.88
Total 674 6.74 100 7.8
Fuel types and loads (ton/ha) by vegetation type in the sudanian zone in Katiali, 2009
Veg. types Fuel types Load (t/ha)
Fallow field Grasses, leaves, small branches, cattle dung, litter 4.5
Grass savanna Grasses, leaves, branches, cattle dung, dry litter 5.5
Shrub savanna Grasses, leaves, dry branches and woods, litter 6.1
Sav. woodland Leaves, grasses, dry wood, branches, barks, fruits 8.3
Dry forest Dry and fresh leaves, dry wood, branches, litter 6.7
Gallery forest Dry and fresh leaves, wood, fruits, branches, litter 7.8
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Appendix L. Multiple comparisons of vegetation types for CO emissions 
Multiple Comparisons 
Dependent Variable:CO_PPM 
 (I) Veg_type (J) Veg_type Mean  
Difference (I-J) Std. Error Sig. 
95% Confidence Interval 
 Lower Bound Upper Bound 
Tukey HSD 1 Fallow field 2 Grass savanna -2394.11
*
 180.833 .000 -2909.72 -1878.50 
3 Shrub savanna -1167.09
*
 193.374 .000 -1718.46 -615.73 
4 Savanna woodland 265.35 156.011 .531 -179.48 710.19 
5 Dry forest 557.66
*
 180.092 .024 44.16 1071.15 
6 Gallery forest 708.05
*
 211.420 .011 105.23 1310.87 
2 Grass 
savanna 
1 Fallow field 2394.11
*
 180.833 .000 1878.50 2909.72 
3 Shrub savanna 1227.02
*
 194.064 .000 673.68 1780.35 
4 Savanna woodland 2659.46
*
 156.866 .000 2212.19 3106.73 
5 Dry forest 2951.77
*
 180.833 .000 2436.16 3467.38 
6 Gallery forest 3102.16
*
 212.051 .000 2497.54 3706.78 
3 Shrub 
savanna 
1 Fallow field 1167.09
*
 193.374 .000 615.73 1718.46 
2 Grass savanna -1227.02
*
 194.064 .000 -1780.35 -673.68 
4 Savanna woodland 1432.45
*
 171.172 .000 944.39 1920.51 
5 Dry forest 1724.75
*
 193.374 .000 1173.39 2276.12 
6 Gallery forest 1875.14
*
 222.842 .000 1239.75 2510.53 
4 Savanna 
woodland 
1 Fallow field -265.35 156.011 .531 -710.19 179.48 
2 Grass savanna -2659.46
*
 156.866 .000 -3106.73 -2212.19 
3 Shrub savanna -1432.45
*
 171.172 .000 -1920.51 -944.39 
5 Dry forest 292.31 156.011 .419 -152.53 737.14 
6 Gallery forest 442.70 191.323 .189 -102.82 988.21 
5 Dry forest 1 Fallow field -557.66
*
 180.092 .024 -1071.15 -44.16 
2 Grass savanna -2951.77
*
 180.833 .000 -3467.38 -2436.16 
3 Shrub savanna -1724.75
*
 193.374 .000 -2276.12 -1173.39 
4 Savanna woodland -292.31 156.011 .419 -737.14 152.53 
6 Gallery forest 150.39 211.420 .981 -452.43 753.21 
6 Gallery 
forest 
1 Fallow field -708.05
*
 211.420 .011 -1310.87 -105.23 
2 Grass savanna -3102.16
*
 212.051 .000 -3706.78 -2497.54 
3 Shrub savanna -1875.14
*
 222.842 .000 -2510.53 -1239.75 
4 Savanna woodland -442.70 191.323 .189 -988.21 102.82 
5 Dry forest -150.39 211.420 .981 -753.21 452.43 
Dunnett C 1 Fallow field 2 Grass savanna -2394.11
*
 231.621  -3056.51 -1731.71 
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3 Shrub savanna -1167.09
*
 202.235  -1745.88 -588.30 
4 Savanna woodland 265.35 122.954  -86.10 616.80 
5 Dry forest 557.66
*
 153.072  119.92 995.40 
6 Gallery forest 708.05
*
 154.166  266.55 1149.55 
2 Grass 
savanna 
1 Fallow field 2394.11
*
 231.621  1731.71 3056.51 
3 Shrub savanna 1227.02
*
 269.114  457.06 1996.97 
4 Savanna woodland 2659.46
*
 215.965  2041.92 3277.00 
5 Dry forest 2951.77
*
 234.423  2281.35 3622.18 
6 Gallery forest 3102.16
*
 235.139  2429.28 3775.03 
3 Shrub 
savanna 
1 Fallow field 1167.09
*
 202.235  588.30 1745.88 
2 Grass savanna -1227.02
*
 269.114  -1996.97 -457.06 
4 Savanna woodland 1432.45
*
 184.097  905.59 1959.30 
5 Dry forest 1724.75
*
 205.438  1136.81 2312.70 
6 Gallery forest 1875.14
*
 206.255  1284.39 2465.89 
4 Savanna 
woodland 
1 Fallow field -265.35 122.954  -616.80 86.10 
2 Grass savanna -2659.46
*
 215.965  -3277.00 -2041.92 
3 Shrub savanna -1432.45
*
 184.097  -1959.30 -905.59 
5 Dry forest 292.31 128.155  -74.02 658.64 
6 Gallery forest 442.70
*
 129.460  71.88 813.51 
5 Dry forest 1 Fallow field -557.66
*
 153.072  -995.40 -119.92 
2 Grass savanna -2951.77
*
 234.423  -3622.18 -2281.35 
3 Shrub savanna -1724.75
*
 205.438  -2312.70 -1136.81 
4 Savanna woodland -292.31 128.155  -658.64 74.02 
6 Gallery forest 150.39 158.345  -303.05 603.82 
6 Gallery 
forest 
1 Fallow field -708.05
*
 154.166  -1149.55 -266.55 
2 Grass savanna -3102.16
*
 235.139  -3775.03 -2429.28 
3 Shrub savanna -1875.14
*
 206.255  -2465.89 -1284.39 
4 Savanna woodland -442.70
*
 129.460  -813.51 -71.88 
5 Dry forest -150.39 158.345  -603.82 303.05 
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Appendix M. Multiple comparisons vegetation types for CO2emissions 
Multiple Comparisons 
Dependent Variable:CO2_PPM CO 2_PPM 
 (I) Veg_type (J) Veg_type Mean  
Difference (I-J) Std. Error Sig. 
95% Confidence Interval 
 Lower Bound Upper Bound 
Tukey HSD 1 Fallow field 2 Grass savanna -7099.66
*
 694.958 .000 -9081.23 -5118.09 
3 Shrub savanna -5538.01
*
 738.792 .000 -7644.57 -3431.46 
4 Savanna woodland -302.23 595.714 .996 -2000.82 1396.36 
5 Dry forest 3075.51
*
 693.567 .000 1097.91 5053.12 
6 Gallery forest 1881.17 769.703 .142 -313.53 4075.86 
2 Grass 
savanna 
1 Fallow field 7099.66
*
 694.958 .000 5118.09 9081.23 
3 Shrub savanna 1561.65 747.189 .293 -568.85 3692.15 
4 Savanna woodland 6797.43
*
 606.097 .000 5069.24 8525.63 
5 Dry forest 10175.18
*
 702.506 .000 8172.09 12178.27 
6 Gallery forest 8980.83
*
 777.767 .000 6763.14 11198.52 
3 Shrub 
savanna 
1 Fallow field 5538.01
*
 738.792 .000 3431.46 7644.57 
2 Grass savanna -1561.65 747.189 .293 -3692.15 568.85 
4 Savanna woodland 5235.78
*
 655.896 .000 3365.59 7105.97 
5 Dry forest 8613.53
*
 745.895 .000 6486.72 10740.34 
6 Gallery forest 7419.18
*
 817.170 .000 5089.14 9749.22 
4 Savanna 
woodland 
1 Fallow field 302.23 595.714 .996 -1396.36 2000.82 
2 Grass savanna -6797.43
*
 606.097 .000 -8525.63 -5069.24 
3 Shrub savanna -5235.78
*
 655.896 .000 -7105.97 -3365.59 
5 Dry forest 3377.75
*
 604.502 .000 1654.10 5101.39 
6 Gallery forest 2183.40
*
 690.528 .020 214.46 4152.34 
5 Dry forest 1 Fallow field -3075.51
*
 693.567 .000 -5053.12 -1097.91 
2 Grass savanna -10175.18
*
 702.506 .000 -12178.27 -8172.09 
3 Shrub savanna -8613.53
*
 745.895 .000 -10740.34 -6486.72 
4 Savanna woodland -3377.75
*
 604.502 .000 -5101.39 -1654.10 
6 Gallery forest -1194.35 776.524 .640 -3408.49 1019.80 
6 Gallery 
forest 
1 Fallow field -1881.17 769.703 .142 -4075.86 313.53 
2 Grass savanna -8980.83
*
 777.767 .000 -11198.52 -6763.14 
3 Shrub savanna -7419.18
*
 817.170 .000 -9749.22 -5089.14 
4 Savanna woodland -2183.40
*
 690.528 .020 -4152.34 -214.46 
5 Dry forest 1194.35 776.524 .640 -1019.80 3408.49 
Dunnett C 1 Fallow field 2 Grass savanna -7099.66
*
 750.682  -9246.98 -4952.35 
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3 Shrub savanna -5538.01
*
 865.421  -8015.49 -3060.53 
4 Savanna woodland -302.23 496.018  -1719.90 1115.43 
5 Dry forest 3075.51
*
 552.952  1493.90 4657.13 
6 Gallery forest 1881.17
*
 618.055  111.45 3650.88 
2 Grass 
savanna 
1 Fallow field 7099.66
*
 750.682  4952.35 9246.98 
3 Shrub savanna 1561.65 1005.945  -1317.64 4440.95 
4 Savanna woodland 6797.43
*
 713.447  4757.28 8837.58 
5 Dry forest 10175.18
*
 754.140  8017.88 12332.48 
6 Gallery forest 8980.83
*
 803.096  6682.07 11279.59 
3 Shrub 
savanna 
1 Fallow field 5538.01
*
 865.421  3060.53 8015.49 
2 Grass savanna -1561.65 1005.945  -4440.95 1317.64 
4 Savanna woodland 5235.78
*
 833.327  2850.59 7620.97 
5 Dry forest 8613.53
*
 868.422  6127.39 11099.67 
6 Gallery forest 7419.18
*
 911.258  4809.34 10029.02 
4 Savanna 
woodland 
1 Fallow field 302.23 496.018  -1115.43 1719.90 
2 Grass savanna -6797.43
*
 713.447  -8837.58 -4757.28 
3 Shrub savanna -5235.78
*
 833.327  -7620.97 -2850.59 
5 Dry forest 3377.75
*
 501.236  1945.00 4810.49 
6 Gallery forest 2183.40
*
 572.253  545.38 3821.42 
5 Dry forest 1 Fallow field -3075.51
*
 552.952  -4657.13 -1493.90 
2 Grass savanna -10175.18
*
 754.140  -12332.48 -8017.88 
3 Shrub savanna -8613.53
*
 868.422  -11099.67 -6127.39 
4 Savanna woodland -3377.75
*
 501.236  -4810.49 -1945.00 
6 Gallery forest -1194.35 622.250  -2976.16 587.47 
6 Gallery 
forest 
1 Fallow field -1881.17
*
 618.055  -3650.88 -111.45 
2 Grass savanna -8980.83
*
 803.096  -11279.59 -6682.07 
3 Shrub savanna -7419.18
*
 911.258  -10029.02 -4809.34 
4 Savanna woodland -2183.40
*
 572.253  -3821.42 -545.38 
5 Dry forest 1194.35 622.250  -587.47 2976.16 
 
Appendix N. Minimum, maximum, and mean values of CO measured (ppm) 
 during the early, middle, and late dry season burnings
CO emissions in different savanna vegetation types in the early dry season
 Vegetation type  Minimum (ppm)  Maximum (ppm)  Mean (ppm)  Std. Dev. (ppm)
 Fallow field 1 16300 3238 4225
 Grass savanna 1 9000 2095 1699
 Shrub savanna 3 13100 3866 3497
 Savanna woodland 5 9900 1442 1308
 Dry forest 3 2600 875 547
 Gallery forest
CO emissions in different savanna vegetation types in the middle dry season
 Vegetation type  Minimum (ppm)  Maximum (ppm)  Mean (ppm)  Std. Dev. (ppm)
 Fallow field 2 12000 2087 1948
 Grass savanna 1 37800 5674 6118
 Shrub savanna 2 10600 2587 2524
 Savanna woodland 1 9000 2102 1685
 Dry forest 1 18700 3126 3428
 Gallery forest 1 17300 2048 2004
CO emissions in different savanna vegetation types in the late dry season 
 Vegetation type  Minimum (ppm)  Maximum (ppm)  Mean (ppm)  Std. Dev. (ppm)
 Fallow field 4 14000 3123 2334
 Grass savanna 1 19200 5997 3795
 Shrub savanna 1 15700 4767 3873
 Savanna woodland 1 11600 2882 2318
 Dry forest 1 4400 1509 980
 Gallery forest
CO emissions in the early, middle, and late dry burning seasons 
 Burning periods  Minimum (ppm)  Maximum (ppm)  Mean (ppm)  Std. Dev. (ppm)
 Early dry season 1 16300 2064 2490
 Middle dry season 1 37800 2850 3438
 Late dry season 1 19200 3444 3028
 Entire dry season 1 37800 3034 3176
Mean values of CO (ppm) measured in different vegetation types and in the burning season periods 
Vegetation type Early dry season Middle dry season Late dry season
Fallow field 3237.73 2086.79 3123.4
Grass savanna 2094.96 5673.58 5996.76
Shrub savanna 3865.99 2587.34 4766.75
Savanna woodland 1442.06 2101.73 2881.93
Dry forest 875.4 3125.59 1509.42
Gallery forest 2047.95
Mean values of CO (ppm) Std Deviation in different vegetation types and in the burning season periods 
Vegetation type Early dry season Middle dry season Late dry season
Fallow field 4225.283 1948.091 2334.457
Grass savanna 1698.964 6117.973 3794.664
Shrub savanna 3497.142 2524.263 3873.107
Savanna woodland 1308.004 1685.209 2317.587
Dry forest 546.568 3428.342 980.125
Gallery forest 2003.664
Appendix O. Minimum, maximum, and mean values of CO2 measured (ppm)   
during the early, middle, and late dry season burnings
CO2 emissions in different savanna vegetation types in the early dry season
 Vegetation type  Minimum (ppm)  Maximum (ppm)  Mean (ppm)  Std. Dev. (ppm)
 Fallow field 7000 36000 21185 7270
 Grass savanna 1000 43000 18605 10336
 Shrub savanna 1000 45000 22608 15626
 Savanna woodland 1000 35000 13987 8384
 Dry forest 1000 15000 8360 4085
 Gallery forest
CO2 emissions in different savanna vegetation types in the middle dry season
 Vegetation type Minimum (ppm) Maximum (ppm) Mean (ppm)  Std. Dev. (ppm)
 Fallow field 1000 35000 19046 7806
 Grass savanna 1000 59000 28976 14827
 Shrub savanna 1000 43000 18632 10465
 Savanna woodland 1000 39000 21078 8560
 Dry forest 1000 42000 20506 9523
 Gallery forest 2000 62000 20261 9044
CO2 emissions in different savanna vegetation types in the late dry season 
 Vegetation type Minimum (ppm) Maximum (ppm) Mean (ppm)  Std. Dev. (ppm)
 Fallow field 1000 42000 24163 9243
 Grass savanna 1000 51000 32464 13787
 Shrub savanna 1000 63000 34479 14973
 Savanna woodland 1000 55000 23956 10269
 Dry forest 1000 35000 19869 7124
 Gallery forest
CO2 emissions in the early, middle, and late dry burning seasons 
 Burning periods  Minimum (ppm)  Maximum (ppm)  Mean (ppm)  Std. Dev. (ppm)
 Early dry season 1000 45000 16431 11116
 Middle dry season 1000 62000 21408 10544
 Late dry season 1000 63000 25083 12029
 Entire dry season 1000 63000 23310 11734
Mean values of CO2 (ppm) measured in different vegetation types and in the burning season periods 
 Vegetation type  Early dry season  Middle dry season  Late dry season
 Fallow field 21185 19046 24163
 Grass savanna 18605 28976 32464
 Shrub savanna 22608 18632 34479
 Savanna woodland 13987 21078 23956
 Dry forest 8360 20506 19869
 Gallery forest 20261
Mean values of CO2 (ppm) Std Deviation in different vegetation types and in the burning season periods 
 Vegetation type  Early dry season  Middle dry season  Late dry season
 Fallow field 7270 7806 9243
 Grass savanna 10336 14827 13787
 Shrub savanna 15626 10465 14973
 Savanna woodland 8384 8560 10269
 Dry forest 4085 9523 7124
 Gallery forest 9044
Appendix P. Mean values of CO and CO2 (%) measured in different vegetation 
types and in the burning season periods 
Mean values of CO and CO2 (%) measured in the early dry season
 Vegetation type  %CO Early dry season  % CO2 Early dry season  Total (%)
 Fallow field 13 87 100
 Grass savanna 14 86 100
 Shrub savanna 14 86 100
 Savanna woodland 10 90 100
 Dry forest 12 88 100
 Gallery forest
Mean values of CO and CO2 (%) measured in the middle dry season
 Vegetation type  %CO Middle dry season  %CO2 Middle dry season  Total (%)
 Fallow field 13 87 100
 Grass savanna 19 81 100
 Shrub savanna 14 86 100
 Savanna woodland 11 89 100
 Dry forest 14 86 100
 Gallery forest 10 90 100
Mean values of CO and CO2 (%) measured in the late dry season
 Vegetation type  %CO Late dry season  %CO2 Late dry season  Total (%)
 Fallow field 12 88 100
 Grass savanna 16 84 100
 Shrub savanna 14 86 100
 Savanna woodland 11 89 100
 Dry forest 8 92 100
 Gallery forest
Appendix Q. Minimum, maximum, and mean values of CO (%) measured 
during the early, middle, and late dry season burnings
% of CO in different savanna vegetation types in the early dry season
 Vegetation type  Minimum (%)  Maximum (%)  Mean (%)
 Fallow field 4 34 13
 Grass savanna 3 67 14
 Shrub savanna 0 33 14
 Savanna woodland 0 48 10
 Dry forest 0 54 12
 Gallery forest
% of CO in different savanna vegetation types in the middle dry season
 Vegetation type  Minimum (%)  Maximum (%)  Mean (%)
 Fallow field 3 69 13
 Grass savanna 3 50 19
 Shrub savanna 2 61 14
 Savanna woodland 0 56 11
 Dry forest 4 43 14
 Gallery forest 3 59 10
% of CO in different savanna vegetation types in the late dry season 
 Vegetation type  Minimum (%)  Maximum (%)  Mean (%)
 Fallow field 1 39 12
 Grass savanna 3 54 16
 Shrub savanna 4 38 14
 Savanna woodland 1 34 11
 Dry forest 4 20 8
 Gallery forest
% of CO in the early, middle, and late dry burning seasons 
 Burning periods  Minimum (%)  Maximum (%)  Mean (%)
 Early dry season 0 67 12
 Middle dry season 0 69 13
 Late dry season 1 54 12
 Entire dry season 0 69 12
Mean values of CO (%) measured in different vegetation types
 and in the burning season periods 
 Vegetation type  Early dry season  Middle dry season  Late dry season
 Fallow field 13 13 12
 Grass savanna 14 19 16
 Shrub savanna 14 14 14
 Savanna woodland 10 11 11
 Dry forest 12 14 8
 Gallery forest 10
Appendix R. Minimum, maximum, and mean values of CO2 (%) measured 
during the early, middle, and late dry season burnings
% of CO2 in different savanna vegetation types in the early dry season
 Vegetation type  Minimum (%)  Maximum (%)  Mean (%)
 Fallow field 66 96 87
 Grass savanna 33 97 86
 Shrub savanna 67 100 86
 Savanna woodland 52 100 90
 Dry forest 46 100 88
 Gallery forest
% of CO2 in different savanna vegetation types in the middle dry season
 Vegetation type  Minimum (%)  Maximum (%)  Mean (%)
 Fallow field 31 97 87
 Grass savanna 50 97 81
 Shrub savanna 39 98 86
 Savanna woodland 44 100 89
 Dry forest 57 96 86
 Gallery forest 41 97 90
% of CO2 in different savanna vegetation types in the late dry season 
 Vegetation type  Minimum (%)  Maximum (%)  Mean (%)
 Fallow field 61 99 88
 Grass savanna 46 97 84
 Shrub savanna 63 96 86
 Savanna woodland 66 99 89
 Dry forest 80 96 92
 Gallery forest
% of CO2 in the early, middle, and late dry burning seasons 
 Burning periods  Minimum (%)  Maximum (%)  Mean (%)
 Early dry season 33 100 88
 Middle dry season 31 100 87
 Late dry season 46 99 88
 Entire dry season 31 100 88
Mean values of CO2 (%) measured in different vegetation types
 and in the burning season periods 
 Vegetation type  Early dry season Middle dry season Late dry season
 Fallow field 87 87 88
 Grass savanna 86 81 84
 Shrub savanna 86 86 86
 Savanna woodland 90 89 89
 Dry forest 88 86 92
 Gallery forest 90
